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FOREWORD 


This  has  been  a year  of  great  excitement  in  neutron  scattering  — the  1994  Nobel  Prize  for 
Physics  was  awarded  to  C.  G.  ShuU  and  B.  N.  Brockhouse  for  their  pioneering  research  in  neutron 
diffraction  and  inelastic  scattering.  Also,  as  this  is  written  early  in  1995,  the  ILL  reactor  has 
been  restarted  after  installation  of  a new  vessel,  and  we  extend  our  congratulations  to  them.  At 
NIST,  the  Research  Reactor  and  Cold  Neutron  Research  Facility  have  had  another  successful  year, 
including  the  successful  beginning  of  the  maintenance  and  upgrade  shutdown  (started  at  the  end 
of  May,  1994)  which  will  provide  substantially  enhanced  performance  for  aU  experiments. 

The  reactor  operated  well  prior  to  the  beginning  of  the  shutdown,  and  most  activity  centered 
around  preparation  for  the  extensive  work  to  be  performed.  The  initial  stages  of  the  shutdown 
went  extremely  well,  showing  the  beneficial  results  of  the  extensive  planning  done.  The  old  heat 
exchangers  were  removed  and  shipped  for  disposal  without  incident,  and  a great  deal  of  preparation 
work  by  Health  Physics  and  Operations  in  the  process  room  reduced  personnel  exposures  to  a 
minimum.  The  new  heat  exchangers  were  pressure  and  helium  leak  tested  at  the  factory  prior 
to  acceptance  and  delivery  to  NIST  and  installation.  The  very  extensive  primary  and  secondary 
piping  changes  are  now  almost  complete,  and  testing  is  imder  way.  In  the  course  of  inspection  of 
the  reactor  vessel,  a problem  in  the  refuelling  plug  was  identified  and  is  being  repaired.  Throughout 
aU  of  the  shutdown  activities,  the  emphasis  has  been  on  designing  and  installing  for  a thirty  year 
life.  There  are  no  outstanding  problems  coimected  with  the  shutdown,  and  the  path  to  completion 
of  all  work  is  now  well  established. 

Prior  to  the  shutdown  in  May,  the  science  program  had  an  extremely  productive  period  of 
data  collection.  The  use  of  the  new  powder  diffractometer  continued  to  grow  at  a rapid  paice, 
with  some  500  individual  patterns  recorded.  A similar  expansion  of  applications  resulted  from  the 
extended  use  of  the  new  horizontal  reflectometer  and  the  time-of-flight  spectrometer  in  the  CNRF. 
A design  effort  to  replace  all  of  the  thermal  neutron  instruments  over  the  next  several  years  was 
initiated,  while  construction  of  the  new  BT-8  residual  stress/single  crystal  diffraction  instrument 
is  well  under  way.  Since  the  beginning  of  the  shutdown,  the  scientific  staff  have  made  good  use 
of  the  free  time  to  analyse  existing  data,  with  occasional  forays  to  om  sister  laboratories.  A new 
direction  for  the  future  was  established  through  the  successful  development  of  an  initiative  to  use 
refiectometry  to  study  biological  systems  in  collaboration  with  the  Biotechnology  Division. 

In  spite  of  delays  in  cold  source  fabrication,  the  Cold  Neutron  Project  advanced  on  a number 
of  fronts  during  the  year.  The  old  cold  source  and  bismuth  tip  were  successfully  removed,  new 
beam  shutters  were  installed,  and  the  hydrogen  cold  source  cryostat  was  inserted  into  the  cryogenic 
port.  Much  of  the  hydrogen  plimibing  ectemal  to  the  biological  shield  is  now  installed  and  tested, 
while  work  continues  on  the  balance  of  the  plumbing.  The  in-pile  part  of  guides  5-7  is  installed, 
the  new  casings  are  installed,  eind  the  glass  is  being  installed  in  the  casings.  Work  on  the  back 
refiection,  spin  echo,  and  high  resolution  time-of-flight  spectrometers  continues,  and  the  improved 
SPINS  spectrometer  has  been  installed  at  NG-5.  Testing  of  various  components  is  under  way  for 
each  of  these  instruments,  with  generally  good  results. 


IV 


Finally,  as  a result  of  the  delays  in  fabrication  of  the  new  source,  it  now  appears  that  reactor 
restart  will  be  delayed  by  at  least  a month  beyond  the  original  longest  estimate  of  nine  months. 
While  we  will  continue  to  try  to  make  up  some  of  the  lost  time,  the  best  current  estimate  is  that 
restart  will  not  occur  before  the  end  of  March,  1995.  While  we  are  of  course  disappointed  that  we 
cannot  meet  the  original  schedule,  we  are  looking  forward  to  a greatly  improved  facility. 


Reactor  Radiation  Division 
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Abstract 

This  report  summarizes  all  the  programs  which  use  the  NIST  reactor.  It  covers  the  period  for 
October  1993  through  September  1994.  The  programs  range  from  the  use  of  neutron  beams  to  study 
the  structure  and  dynamics  of  materials  through  nuclear  physics  and  neutron  standards  to  sample 
irradiations  for  activation  analysis,  isotope  production,  neutron  radiography,  and  nondestructive 
evaluation. 


KEY  WORDS:  activation  analysis;  cold  neutrons;  crystal  structure;  diffraction;  isotopes;  molec- 
ular dynamics;  neutron;  neutron  radiography;  nondestructive  evaluation;  nu- 
clear reactor;  radiation. 


DISCLAIMER 

Certain  trade  names  and  company  products  are  identified  in  order  to  adequately  specify  the 
experimental  procedure.  In  no  case  does  such  identification  imply  recommendation  or  endorsement 
by  the  National  Institute  of  Standards  and  Technology,  nor  does  it  imply  that  the  products  are 
necessarily  the  best  for  the  purpose. 
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Chemical  Physics  of  Materials 


NBSR  research  that  falls  into  this  cate- 
gory typically  involves  inelastic  neutron  scatter- 
ing measurements  of  the  dynamics  of  molecular 
solids,  various  inclusion  compoimds,  and  struc- 
turally disordered  materials.  These  studies  yield 
detailed  information  on  the  atomic  and  molecu- 
lar interactions  responsible  for  many  properties 
of  these  systems.  For  cases  involving  either  rota^ 
tional  excitations  or  hydrogen  motions  or  both, 
this  information  is  difficult,  if  not  impossible,  to 
obtain  by  other  means.  Furthermore,  since  ther- 
mal neutron  wavelengths  are  comparable  to  in- 
teratomic spacings,  one  is  able  to  ascertain  the 
geometry  of  the  various  motions  in  a way  un- 
matched by  other  spectroscopic  probes.  Each  of 
these  attributes  is  featured  in  one  or  more  of  the 
examples  that  are  highlighted  here. 

Dynamics  of  Molecules  in  Porous  Sys- 
tems 

• Molecular  Dynamics  of  Replacement 
Refrigerants  Encaged  in  Zeolites 
There  is  an  impetus  to  develop  replacement 
refrigerants  for  chlorofluorocarbons  (CFCs)  due 
to  increasing  concerns  for  the  damage  that  the 
ozone-depleting  CFCs  present  to  the  environ- 
ment. The  urgency  is  underscored  by  the  loom- 
ing international  ban  on  CFC  production  after 
1995.  While  significant  advances  have  already 
been  made  in  identifying  new  refrigerants,  eco- 
nomically viable  synthesis  and  separation  routes 
remain  a critical  issue  on  the  pathway  to  com- 
mercialization of  some  of  the  most  promising 
ones.  Key  to  the  development  of  advanced  pro- 
duction methods  is  the  role  of  surface  chemistry 
in  both  the  synthesis  and  separation  steps.  Al- 
though an  enormous  effort  has  been  given  to  the 
development  of  environmentally  benign  refriger- 
ants such  as  hydrofiuorocarbons  (HFCs),  there 
is  still  much  to  be  learned  about  their  proper- 
ties, chemistry,  and  interactions  with  surfaces  of 
solids. 


With  this  in  mind,  a recent  collaborative  re- 
search effort  has  been  initiated  between  scien- 
tists of  the  Reactor  Radiation  Division,  Sur- 
face and  Microanalysis  Science  Division,  and 
DuPont  to  investigate  by  neutron  scattering 
techniques,  the  prototypical  alternative  refrig- 
erant HFC  134a  (F3C-CFH2)  and  its  isomer  134 
(HF2C-CF2H)  encaged  in  the  cavities  of  dehy- 
drated Na^X  zeolite  (Na«6Al86Siio60384).  Our 
goal  is  to  characterize  the  guest-host  interac- 
tions that  influence  the  bonding  geometry  and 
dynamics  of  these  HFC  molecules  in  this  well- 
characterized  molecular  sieve.  The  purification 
of  HFCs  is  one  potential  application  [1]  of  the 
size-selective  molecular-adsorption  properties  of 
zeolites.  This  collaborative  research  effort  is 
directed  toward  the  development  of  improved 
methods  for  the  separation  and  storage  of  134 
and  134a,  both  of  which  are  formed  during  in- 
dustrial production  of  the  latter. 

All  incoherent-inelastic-neutron-scattering 
(IINS)  measurements  were  performed  at  the 
NBSR.  The  Na^X  zeolite  samples  were  dehy- 
drated at  673  K in  vacumn.  Adsorptions  of  the 
HFCs  by  the  dehydrated  Na^X  were  carried 
out  at  room  temperatme.  Saturation  uptakes 
corresponded  to  ~4  molecules  per  supercage. 
This  is  equal  to  the  number  of  Na  ions  located 
at  the  Sin  positions  (see  Fig.  1)  in  the  su- 
percages of  the  Na-X-zeolite  structure  [2].  This 
fact  and  the  observed  lack  of  significant  HFC 
adsorption  in  the  related  zeolite,  Na-Y,  which 
possesses  no  Na  ions  at  the  Sm  positions  [2] 
strongly  suggest  that  the  Na-X-adsorbed  HFCs 
are  associated  with  the  Na  ions  at  these  sites. 
The  HNS  measurements  below  energy  transfers 
of  240  meV  revealed  markedly  different  spectral 
signatmes  for  134  and  134a  bound  in  Na-X  (see 
Figs.  2 and  3).  Measurements  at  lower  loading 
indicated  that  the  HFC  vibrational  spectra 
were  largely  independent  of  concentration. 

Initial  efforts  to  develop  force  fields  to  ac- 
coimt  for  the  data  for  134a  are  encouraging. 
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Figure  1.  The  Na-X  zeolite  structure  indicating  the 
location  of  the  Sm  position  inside  the  supercage. 

Simple  Wilson  FG  matrix  analysis  of  the  134a 
molecule  without  the  inclusion  of  off-diagonal 
matrix  elements  or  guest-host  interactions  was 
used  to  produce  the  model  spectnun  in  figure  2. 
Although  no  attempt  was  made  to  include  mul- 
tiphonon scattering  contributions,  this  model  is 
still  fairly  successful  in  reproducing  the  main  vi- 
brational bands.  Prom  analysis  of  the  potential 
energy  distributions,  the  model  suggests,  among 
other  things,  the  association  of  the  normal-mode 
feature  at  17  meV  with  the  molecular  torsions, 
the  features  at  45  and  52  meV  with  the  C-C-F 
and  F-C-F  deformations,  and  the  higher-energy 
features  above  ^120  meV  with  the  C-C-H,  F- 
C-H,  and  H-C-H  deformations.  There  are  in- 
dications from  the  literature  [3]  that  the  extra, 
unexplained  scattering  intensity  between  ^60 
and  100  meV  may  be  associated  with  adsorbate- 
coupled  zeolite-framework  vibrations,  which  are 
a direct  manifestation  of  significant  guest-host 
interactions. 

Unlike  its  isomer,  the  134  molecule  presents 
a more  complex  situation.  For  this  molecule, 
the  existence  of  two  conformations  is  well-known 


Neutron  Energy  Loss  (meV) 


Figure  2.  The  IINS  spectra  of  134  and  134a  in  Na- 
X zeolite  at  saturation  loading  (~  4 molecules  per 
supercage)  as  well  as  unloaded  Na-X,  below  10  K, 
measured  with  the  BT-4  spectrometer.  The  solid- 
line spectrum  is  a preliminary  model-generated  fit  of 
the  134a  spectrum  using  Wilson  FG  matrix  force- 
field  analysis. 

from  g£is-phase  measmements  [4]  with  the  trans 
conformer  being  5 kJ /mole  more  stable  than  the 
gauche  conformer.  (See  Fig.  4.)  For  134  in  Na-X 
at  4 K,  the  presence  of  vibrational  contributions 
from  either  two  conformers,  or  possibly  a single 
conformer  in  multiple  binding  sites  cannot  be 
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Figure  3.  The  low-energy  IINS  sp>ectra  at  200  K of 
134  and  134a  in  Na-X  zeolite  at  saturation  loading  (~ 
4 molecules  per  supercage)  as  well  as  unloaded  Na- 
X,  measured  in  energy  gain  using  the  Fermi-chopper 
time-of  flight  spectrometer. 

ruled  out  from  a consideration  of  the  HNS  spec- 
trum (Fig.  2).  Indeed,  recent  room  temperature 
Raman  spectra  obtained  at  DuPont  support  the 
contention  that,  although  the  trans  conformer 
is  favored  in  the  gas  phase,  both  134  conform- 
ers  do,  in  feict,  exist  in  the  zeolite  supercages. 
This  suggests  that  the  energy  difference  between 
trans  and  gauche  conformers  is  altered  in  the 
zeolite,  the  unusual  stability  of  the  gauche  con- 


trans  gauche 

Figure  4.  Schematic  of  the  two  conformations  of  the 
134  molecule.  The  C-C  axis  is  aligned  perpendicular 
to  the  page. 

former  possibly  resulting  from  a favorable  geo- 
metric arrangement  between  this  conformer  and 
the  Na-X  adsorption  site.  More  experiments  are 
imderway  to  further  investigate  the  apparently 
stable  coexistence  of  both  conformers  in  Na-X. 

Preliminary  force-field  models  have,  up  imtil 
now,  failed  to  provide  a satisfactory  fit  to  the 
134  HNS  data,  although  it  is  probable  that  the 
lowest-energy  scattering  intensity  in  figure  2 is 
due  to  the  torsional  vibrations  and  the  highest- 
energy  vibrations  above  120  meV  involve  F-C-H 
and  C-C-H  deformations.  Figure  3 displays  the 
low-energy  vibrational  features  for  the  HFCs  in 
Na-X  at  200  K in  neutron  energy  gain  using  the 
Fermi-chopper  time-of-fiight  spectrometer.  The 
torsional  vibrations  are  tentatively  assigned  to 
the  peak  at  ~12  meV  (compared  with  17  meV 
for  134a  ).  The  torsional  vibrations  for  both 
HFCs  appear  to  be  shifted  upwards  by  2-3  meV 
compared  with  their  gas-phase  values  [4-6].  The 
large  scattering  intensity  below  ~10  meV  is  as- 
sociated with  whole-molecule  vibrations  inside 
the  supercages  and  corroborates  the  existence 
of  significant  guest-host  interactions. 

A series  of  time-of-fiight  measurements  of 
the  quasielastic  scattering  in  these  systems  was 
also  undertaken.  Results  were  obtained  over  the 
temperature  range  from  1.4  to  350  K,  with  both 
4.1  and  5.0  A incident  neutrons.  While  clear  de- 
pendence on  temperature  and  momentum  trans- 
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fer  were  evident,  the  data  suggest  that  more 
than  one  type  of  reorientational  process  is  oc- 
curring over  this  temperature  range,  thus  pre- 
cluding a detailed  analysis  of  the  reorientational 
dynamics  of  either  caged  HFC  molecule  at  this 
time. 

Current  efforts  are  focused  on  combining 
data  from  gas-phase  measurements  of  the  struc- 
ture and  dynamics  of  the  free  molecule,  with 
multiple  probes  (including  neutron,  infrared, 
and  Raman  spectroscopies,  NMR,  and  neutron 
diffraction)  of  the  properties  of  the  molecules  in- 
side the  Na-X  supercages.  In  the  final  force- 
field  analysis  that  results  from  these  efforts,  we 
hope  to  elucidate  the  important  HFC-Na  and/or 
HFC-framework  interactions  so  as  to  achieve 
a detailed  understanding  of  the  binding  forces 
and  reorientational  dynamics  within  this  type 
of  sieve. 
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• Quantifying  Freezable  Water  in  Port- 
land Cement  Paste 

Portland  cement  concrete  is  the  most  widely 
used  material  in  the  United  States  with  approx- 
imately 500  million  tons  incorporated  into  the 
infrastructure  each  year.  It  has  been  estimated 
that  it  will  cost  over  400  billion  dollars  between 
now  and  the  beginning  of  the  next  century  sim- 
ply to  repair  existing  bridges  and  highways.  Al- 
though the  failure  of  concrete  can  be  caused 
by  a number  of  factors  including  heavy  traffic 
loading,  fatigue,  and  corrosion  of  the  reinforcing 


steel,  a significant  portion  of  the  necessary  re- 
pairs is  due  to  damage  resulting  from  repeated 
freezing  and  thawing  of  water  contained  in  the 
pores  of  the  material.  Thus  attaining  a detailed 
imderstanding  of  the  freeze-thaw  process  in  con- 
crete could  have  a significant  economic  impact. 

It  is  widely  accepted  that  the  freeze-thaw  re- 
sistance of  concrete  and  other  porous  materials 
depends  primarily  on  their  microstructure.  To 
date,  most  of  the  information  available  on  the 
pore  size  distribution  in  concrete  comes  from 
mercury  intrusion  porosimetiy.  However  the  in- 
trusion of  mercury  is  only  a surrogate  for  the 
freezing  of  water  within  the  pore  system,  and 
the  details  of  the  relationship  between  the  mi- 
crostructure and  the  formation  of  ice  are  not  un- 
derstood. Therefore  a nondestructive  measure- 
ment technique  which  couples  directly  to  water 
within  the  concrete  pores  is  required.  Quasielas- 
tic neutron  scattering  is  such  a technique  be- 
cause of  its  sensitivity  to  molecular  motions  and 
the  imusually  large  scattering  cross  section  of 
hydrogen.  During  the  past  year,  engineers  from 
the  University  of  New  Hampshire  and  Worces- 
ter Polytechnic  Institute  in  collaboration  with 
scientists  from  the  Federal  Highways  Adminis- 
tration and  the  Reactor  Radiation  Division  have 
used  quasielastic  neutron  scattering  to  probe  the 
freezing  of  water  in  portland  cement  paste. 

Experience  has  shown  that  the  freeze-thaw 
resistance  of  concrete  increases  as  the  wa- 
ter/cement ratio  of  the  initial  mix  is  decreeised. 
Therefore  three  cement  paste  samples  were  pre- 
pared by  mixing  distilled  water  and  type  I port- 
land  cement  with  water/cement  ratios  of  0.3, 
0.4,  and  0.5.  When  the  samples  were  14  days 
old,  ^0.5  mm  thick  wafers  were  cut  from  each 
mix.  These  wafers  were  then  stored  under  a sat- 
urated lime  solution  and  were  never  allowed  to 
dry.  Shortly  before  the  neutron  scattering  mea- 
surements were  to  occur,  half  of  each  sample  was 
dried  in  an  oven  overnight  for  use  as  a blank. 
The  neutron  scattering  measurements  were  per- 
formed on  the  Fermi  chopper  time-of-ffight  spec- 
trometer located  in  the  Cold  Neutron  Research 
Facility.  Spectra  were  collected  as  a function  of 
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decreasing  temperature  only.  Data  were  typi- 
cally collected  for  ~3  h for  the  wet  samples  and 
h for  the  dry  blank.  Since  the  presence  of 
lime  water  in  the  pore  system  was  the  only  dif- 
ference in  the  sample  and  the  blank,  the  spec- 
tra which  resiilted  from  subtracting  the  blank’s 
spectrum  from  that  of  the  sample  should  reflect 
the  pore  water  and  not  the  hydrogen  incorpo- 
rated into  the  cement  paste  during  curing. 

Figure  5 shows  representative  spectra  for  the 
sample  having  an  initial  water/cement  ratio  of 
0.5.  At  3 °C  and  -13  °C  the  spectra  consist 
of  two  components:  a resolution  limited  peak 
that  reflects  the  presence  of  immobile  water  and 
a broadened  peak  due  to  the  mobile  molecules. 
Clearly,  the  integrated  area  of  the  Lorentzian 
component  decreases  as  the  temperature  is  low- 
ered and  by  -40  ®C  this  component  has  almost 
completely  disappeared.  Since  this  area  is  a di- 
rect measure  of  the  amount  of  mobile  water  in 
the  system,  the  observed  decrease  reflects  the 
freezing  of  the  pore  water.  In  addition,  the 
width  of  the  Lorentzian  component  decreases  as 
the  temperature  decreases  indicating  that  the 
time  scale  of  the  motion  slows  as  the  tempera^ 
ture  is  lowered.  In  fact,  the  width  follows  the 
expected  Arrhenius  law  with  an  activation  en- 
ergy of  11.6  kJ/mol,  independent  of  the  initial 
water /cement  ratio. 

In  order  to  separate  and  quantify  the  scat- 
tering due  to  bound  zind  mobile  water,  the  spec- 
tra were  flt  with  a delta  function  elastic  compo- 
nent and  a Lorentzian  quasielastic  component, 
each  convoluted  with  the  experimental  resolu- 
tion function.  The  lines  in  flgure  5 are  the  re- 
sult of  this  procedure.  The  boimd  water  index 
(BWI)  was  obtained  from  these  flts  by  dividing 
the  integrated  intensity  of  the  eleistic  component 
by  the  total  integrated  intensity.  The  temperar 
ture  dependence  of  the  BWI  is  shown  in  flgure 
6.  Below  ^>^250  K the  BWI  is  indistinguishable 
for  the  three  samples.  This  suggests  that  the 
relatively  small  gel  pores  (i.e.  those  with  a rar 
dius  < 20  nm)  play  a relatively  minor  role  in  the 
freeze-thaw  durability  of  concrete. 

Above  250  K the  BWI’s  of  the  three  samples 
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Figure  5.  Representative  quasielastic  spectra  for 
water  in  the  pores  of  the  cement  paste  sample 
which  had  an  initial  water/cement  ratio  of  0.5.  The 
Lorentzian  component  due  to  the  mobile  water  is  in- 
dicated. The  intensity  of  this  component  decreases 
with  decreasing  temperature  due  to  freezing  of  water 
in  the  p>ores. 

begin  to  deviate  from  each  other  and  reach  a 
maximum  difference  above  the  freezing  point  of 
bulk  water.  In  fact  at  276  K,  the  BWI  for  the 
0.3  sample,  the  most  resistant  to  freeze-thaw,  is 
roughly  50%  higher  than  that  for  the  0.5  sam- 
ple. Because  water  in  the  larger  capillary  pores 
would  be  expected  to  freeze  flrst,  this  suggests 
that  the  difference  in  the  freeze-thaw  durabil- 
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Figure  6.  The  bound  water  index  as  a function  of 
temperature  for  water  in  the  pores  of  three  different 
cement  ptastes. 

ity  is  due  to  the  water  in  these  larger  pores 
(i.e.  those  with  radius  > 100  nm).  It’s  inter- 
esting to  note  that  the  BWI  is  never  zero  even 
above  the  freezing  point  of  water.  There  are 
at  least  two  possible  reasons  for  this.  Perhaps 
the  drying  procedure  used  for  the  blank  drove 
oflF  some  of  the  hydrogen  that  had  been  bornid 
into  the  structure  whereas  this  bormd  hydrogen 
would  have  remained  in  the  wet  sample.  Thus 
extra  elastic  scattering  not  due  to  the  pore  water 
might  remain  in  the  spectra  shown  in  figure  5. 
The  more  likely  and  more  interesting  possibil- 
ity is  that  the  elastic  scattering  is  due  to  water 
which,  on  the  neutron  time  scale,  has  been  im- 
mobilized by  being  on  or  near  the  surface  of  the 
pores.  The  only  evidence  for  this  explanation  is 
that  above  273  K,  the  BWI  tends  to  decrease 
slowly  with  increasing  temperature.  This  may 
be  due  to  water  in  the  top-most  “surface  layers” 
becoming  mobile. 

While  there  are  still  several  open  questions 
concerning  the  interpretation  of  these  results, 
quasielastic  neutron  scattering  is  apparently  car 
pable  of  discerning  differences  in  cement  pastes 
with  different  resistance  to  freeze-thaw.  From 


these  preliminary  findings,  it  seems  that  in  or- 
der to  improve  the  freeze-thaw  durability  of 
concrete,  one  should  try  to  increase  the  sur- 
face/volume ratio  of  the  large  capillary  pores. 
This  finding  is  consistent  with  common  sense 
and  with  the  vast  amount  of  empirical  knowl- 
edge about  concrete.  In  the  future,  quasielastic 
neutron  scattering  will  also  be  applied  to  the 
new  high  performance  concretes  to  attempt  to 
quantify  the  as  of  yet  unknown  freeze-thaw  dura- 
bility of  these  materials. 

Dynamics  of  Boron  Nitride 

The  utility  of  the  carbon  solids  graphite 
and  diamond  is  primarily  due  to  their  excep- 
tional thermal  properties.  For  example,  the 
very  high  melting  temperature  of  graphite  (3820 
K)  makes  it  the  material  of  choice  for  many 
high-temperature  applications,  while  the  large 
thermal  conductivity  of  diamond,  which  exceeds 
that  of  good  metals,  offers  great  promise  for  its 
use  as  a substrate  for  electronic  devices.  Un- 
fortunately, these  materials  are  sometimes  un- 
suitable for  these  purposes  for  reasons  unrelated 
to  their  thermal  properties.  For  instance,  de- 
spite a great  deal  of  effort,  it  has  proven  difficult 
to  fabricate  diamond  films  that  could  be  used 
in  electronic  devices  or  for  wear-resistant  coat- 
ings. Therefore  the  intense  interest  in  carbon 
solids  has  been  echoed  in  research  on  various 
materials  which  could  substitute  for  diamond 
and  graphite,  most  notably  cubic  and  hexago- 
nal boron  nitride  (c-BN  and  h-BN  respectively) . 
Neutron  spectroscopy  is  uniquely  sensitive  to 
the  vibrational  states  which,  on  a microscopic 
scale,  underly  the  important  thermal  properties 
of  these  materials.  Thus  NIST  scientists,  in  col- 
laboration with  scientists  from  General  Motors, 
General  Electric,  and  Advanced  Ceramics  Cor- 
poration, have  initiated  a program  designed  to 
understand  the  vibrational  properties  of  BN. 

The  spectra  obtained  for  c-BN  and  h-BN  re- 
flect the  similarities  and  differences  from  their 
carbon  analogues,  diamond  and  graphite.  Fig- 
ure 7 shows  the  vibrational  densities  of  states  ob- 
tained for  c-BN  and  diamond.  The  spectra  are 
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Figure  7.  Vibrational  densities  of  states  for  c-BN 
and  diamond.  The  high-energy  shoulder  above  130 
meV  for  BN  may  be  an  ex|)erimental  artifact.  Data 
obtained  by  the  time-of-flight  method  and  the  Be- 
filter-analyzer  method  are  shown  as  filled  and  open 
circles  respectively. 

rather  similar,  but  the  BN  features  are  lower  in 
energy,  because  the  B-N  covalent  bond  is  some- 
what weaker  than  the  C-C  bond.  The  155  meV 
bond-stretching  peak  of  diamond  is  lowered  to 
120  meV  in  c-BN.  These  spectra  may  be  used 
to  calculate  intrinsic  thermal  properties,  such  as 
specific  heat  and  thermal  conductivity,  for  dia- 
mond and  c-BN. 

Inelastic  neutron  scattering  measurements 
have  also  been  made  on  hexagonal  boron  nitride 
(h-BN)  and  on  graphite  powder,  with  the  re- 
sults shown  in  figure  8.  These  vibrational  den- 
sities of  states  extend  to  higher  energies  than 
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Figure  8.  Vibrational  densities  of  states  for  h-BN 
and  graphite.  Filled  €md  open  circles  have  the  same 
meanings  as  in  figure  7. 

those  of  figure  7,  reflecting  the  fact  that  the  in- 
plane bonds  in  these  layered  solids  are  somewhat 
stronger  than  those  of  c-BN  and  diamond.  Ex- 
amination of  various  features  in  the  densities  of 
states,  together  with  previous  measurements  of 
low-energy  phonon  dispersion  curves,  leads  us 
to  the  following  conclusions  about  the  intralayer 
and  interlayer  bonding  in  h-BN.  All  character- 
istic energies  are  somewhat  lower  in  hrBN  than 
in  graphite,  but  not  all  in  the  same  proportion. 
In-layer  modulation  of  atomic  positions,  charac- 
terized by  the  highest  energies  in  the  spectra, 
imply  energies  in  h-BN  which  are  only  slightly 
smaller  than  in  graphite.  In  contrast,  the  feature 
at  36  meV  in  h-BN,  corresponding  to  modes  in 
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which  neighboring  B and  N atoms  in  the  same 
layer  are  displaced  perpendicular  to  the  layers  in 
opposite  directions,  is  very  much  lower  in  energy 
than  the  60  meV  feature  in  graphite.  Interlayer 
force  constants  in  h-BN  are  about  30%  weaker 
than  in  graphite,  despite  the  presence  of  an  ionic 
contribution  in  the  former. 

The  data  of  figures  7 and  8 were  made  possi- 
ble through  the  preparation  of  isotopically  puri- 
fied samples  of  ^^BN.  Samples  of  BN  with  nat- 
ural isotopic  composition,  which  contains  20% 
of  the  isotope  ^®B,  would  have  an  unaccept- 
ably high  neutron  absorption  cross  section.  This 
research  is  continuing  with  more  neutron  scat- 
tering measurements  and  computer  simulations 
in  progress.  The  latter  are  being  carried  out 
by  groups  at  Ohio  University  and  the  Technical 
University  of  Chemnitz. 

Dynamics  of  C61H2 

The  discovery  of  a method  to  make  signif- 
icant quantities  of  the  fullerenes,  such  as  Ceo, 
has  opened  the  door  to  research  into  a com- 
pletely new  class  of  molecular  architectures. 
These  materials  offer  great  promise  for  future 
applications,  but  it  has  proven  difficult  to  con- 
trol their  chemistry  at  a molecular  level.  A 
notable  exception  is  the  methanofuUerenes,  in 
which  an  additional  carbon  atom  is  attached 
across  a bond  joining  two  of  the  ceirbons  in  the 
fullerene  backbone.  Two  chemical  groups  can 
then  be  attached  to  this  extra  carbon.  The  sim- 
plest “group”  is  a single  hydrogen  atom  so  that 
the  basic  molecular  derivative  in  this  class  is 
the  compound  C61H2.  Since  previous  neutron 
scattering  measurements  on  powder  samples  of 
Ceo  revealed  considerable  information,  particu- 
larly regarding  the  rotational  potential  sensed 
by  molecules  as  they  change  their  orientations, 
a series  of  measurements  has  been  undertaken 
on  C61H2,  specifically  the  “6:5”  isomer  which  is 
obtained  by  breaking  one  of  the  bonds  that  joins 
a pentagon  to  a hexagon  in  the  Ceo  molecule. 

Ceo  imdergoes  a first  order  transition,  at 
~260  K,  from  a low  temperature  orientationally 
ordered  phase  to  a high  temperature  disordered 


phase.  CeiH2  undergoes  a similar  transition 
at  ^290  K [1].  The  increased  resistance  to  ro- 
tational motion,  due  to  the  added  methylene 
group,  explains  the  higher  transition  tempera- 
ture. Neutron  diffraction  patterns  have  been  ob- 
tained for  a deuterated  sample  using  the  BT-1 
spectrometer.  Above  the  tremsition  temperature 
the  pattern  indexes  to  a face  centered  cubic  lat- 
tice in  analogy  with  the  high  temperature  phase 
of  Ceo  (space  group  Fm3m).  There  is  also  sub- 
stantial diffuse  scattering  which  is  well  described 
by  a model  that  assumes  complete  orientational 
disorder. 

At  low  temperatures  the  powder  pattern  can 
be  indexed  to  a simple  cubic  lattice  in  analogy 
with  the  low  temperature  phase  of  Ceo  (space 
group  Pa3).  If  the  orientation  adopted  by  the 
Ceo  moiety  in  CeiD2  is  the  same  as  the  more 
populated  molecular  orientation  in  pristine  Ceo, 
the  methylene  group  can  be  accommodated  in 
the  “octahedral”  site,  in  which  case  there  is  lit- 
tle change  in  the  C-C  interactions  responsible  for 
the  orientational  ordering  of  molecules  in  Ceo- 
Note  that  since  the  CeiD2  molecule  does  not 
have  a threefold  axis,  there  must  either  be  resid- 
ual orientational  disorder  to  produce  a threefold 
axis,  or  else  the  symmetry  of  the  lattice  must 
actuaUy  be  lower  than  cubic.  In  fact,  at  low 
temperatures,  diffuse  scattering,  which  has  the 
shape  expected  for  orientational  disorder,  is  ob- 
served. 

The  orientational  order-disorder  transition 
in  C61H2  also  manifests  itself  in  the  low  energy 
transfer  scattering.  Measurements  of  this  scat- 
tering have  been  made  using  the  BT-4  triple- 
axis spectrometer  and  the  Fermi  chopper  time- 
of-ffight  spectrometer  (Fig.  9).  At  200  K an  in- 
elastic peak  is  observed,  centered  at  '-'-'2.5meV 
and  attributed  to  molecular  librations  in  the  ori- 
entational potential  responsible  for  securing  the 
low-temperature  structure.  The  observed  peak 
positions  in  C61H2  are  slightly  higher  than  those 
in  Ceo,  refiecting  the  higher  orientational  order- 
ing temperatiue  of  the  compoimd.  The  peaks 
are  also  much  broader  in  C61H2,  possibly  re- 
fiecting a more  anisotropic  potential.  Above  the 
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Figure  9.  Q-integrated  plots  of  S(Q^;)  for  C61H2  at 
200 K and  350 K,  obtained  using  the  Fermi  chopper 
time-of-flight  spectrometer. 

transition  temperature,  a broad  feature  is  ob- 
served, centered  at  zero  energy,  and  associated 
with  diffusive  rotational  motion.  The  Q depen- 
dence of  the  integrated  intensity  of  the  low  en- 
ergy scattering,  both  below  and  above  the  trein- 
sition  temperature,  confirms  that  the  scattering 
is  primarily  associated  with  rotational  motion  of 
the  molecules. 

The  measured  vibrational  density  of  states 
for  C61H2  is  shown  in  figure  10.  Because  the 
scattering  cross  section  of  H is  more  than  an  or- 
der of  magnitude  larger  thzui  that  of  C,  modes 
involving  significant  motion  of  H atoms  are  em- 
phasized. Comparing  the  C61H2  spectrum  with 
spectra  for  C61D2  and  Ceo,  we  have  determined 
that  the  modes  at  37.8,  130,  152,  and  180  meV 
include  substantial  contributions  from  hydrogen 
atoms.  We  assign  these  peaks  to  a rocking  mode 
of  the  entire  methylene  group  in  the  mirror  plane 
of  the  molecule,  a twisting  mode  of  the  methy- 
lene group  in  which  the  C is  essentially  station- 
ary and  the  H’s  are  displaced  perpendicular  to 
the  mirror  plane,  a wagging  mode  in  which  all 
atoms  are  displaced  perpendicular  to  the  mir- 


Figure 10.  The  spectrum  of  internal  modes  in 
C61H2  at  10  K,  measured  with  the  BT-4  spectrome- 
ter operated  as  a filter  analyzer  spectrometer.  The 
solid  line  is  the  result  of  a calculation  described  in 
the  text. 

ror  plane  with  the  motion  of  the  C out  of  phase 
with  the  motion  of  the  H’s,  and  a H-C-H  bend- 
ing mode  in  which  the  H displacements  are  in  the 
mirror  plane  and  out-of-phase  with  each  other, 
respectively.  In  a recent  infrared  study,  Cardini 
et  al.  [2]  assigned  peaks  at  37.7,  112.7,  152.5, 
and  178.3  meV  respectively  to  the  modes  of  the 
methylene  group.  The  energies  of  3 of  these  4 
peaks  are  in  excellent  agreement  with  the  en- 
ergies of  the  peaks  we  identify  £is  being  due  to 
modes  involving  relatively  large  displacements 
of  H atoms.  The  most  probable  explanation  for 
the  lone  discrepancy  is  that  the  mode  observed 
at  112.7  meV  in  the  infrared  spectrum  is  actu- 
ally a shoulder  on  the  very  broad  peak  due  to 
the  methylene  twisting  mode  which  is  centered 
at  ^130  meV  (Fig.  10).  The  peaks  observed 
between  40  and  100  meV  are  largely  unchanged 
from  those  seen  in  Cgo*  Detailed  assignments 
are  difficult  because  each  of  these  peaks  is  due 
to  multiple  modes  of  the  Ceo  framework. 

Since  the  inelastic  neutron  scattering  cross 
section  only  depends  on  the  known  scattering 
cross  sections  of  the  atoms,  and  on  the  energies 
and  eigenvectors  of  the  modes,  we  can  gain  fur- 
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ther  confidence  in  these  assignments  by  directly 
comparing  the  results  of  dynamical  calculations 
with  the  measured  spectrum.  The  solid  line  in 
figure  10  represents  a spectnmi  calculated  with 
the  program  MOPAC  using  the  AMI  Hamilto- 
nian [3],  convoluted  with  the  known  instrumen- 
tal resolution  function.  The  only  adjustable  pa- 
rameters are  an  overall  intensity  scale  and  an 
average  displacement  of  the  atoms  due  to  the 
lattice  modes,  assumed  to  be  0.1  A in  our  calcu- 
lations. Below  ^100  meV  there  appears  to  be  a 
one  to  one  correspondence  between  peaks  in  the 
calculated  and  measured  spectra.  The  principal 
problem  is  that  the  calculation  somewhat  over- 
estimates the  energies.  The  sharp  peak  at  40.1 
meV  in  the  calculation  is  the  methylene  rock- 
ing mode,  confirming  the  assignment  of  the  peak 
observed  at  37.8  meV.  Above  100  meV  the  sit- 
uation is  less  satisfactory.  In  this  region,  the 
strongest  peaks  in  the  calculation  are  at  129.1, 
130.3  (the  methylene  twisting  mode),  160.6  (the 
methylene  wag  mode),  and  175.7  meV  (the  H-C- 
H bending  mode).  The  main  problem  is  that  the 
peaks  at  129.1  and  130.3  meV  are  too  close  to- 
gether and  have  too  much  intensity  as  compared 
with  the  peak  at  160.6  meV.  Work  to  resolve 
these  discrepancies  is  in  progress. 
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Lattice  and  Molecular  Dynamics  of 
Poly  (p-phenylene  vinylene) 

The  discovery  that  conjugated  organic  poly- 
mers become  highly  conductive  upon  dop- 
ing with  various  electron-donating  or  electron- 
accepting  species  initiated  intensive  research 


in  this  field.  Recently,  increased  atten- 
tion has  been  focused  on  ring-containing  non- 
degenerate ground  state  polymers,  such  as 
poly(p-phenylene  vinylene)  (PPV),  because  of 
their  interesting  electronic  and  nonlinear  opti- 
cal properties.  Potential  applications  of  PPV 
derivatives  include  light-emitting  diodes  and 
other  polymer-based  electronic  devices. 

PPV  chains  are  composed  of  alternating 
phenylene  rings  (-C6H4-)  and  vinylene  seg- 
ments (-CH=CH-).  The  polymer  can  be  syn- 
thesized in  the  form  of  free-standing  air-stable 
films  which  exhibit  a high  degree  of  crystallinity. 
Whereas  the  simplest  models  envision  a fully 
planar  PPV  molecule,  the  refinements  of  x- 
ray  and  neutron  diffraction  profiles  of  high- 
quality  PPV  films  suggest  a nonplanar  thermal- 
average  chain  conformation  as  well  as  large  am- 
plitude phenylene-ring  librations.  Furthermore, 
the  value  of  the  average  dihedral  angle  formed  by 
the  plane  of  the  ring  and  the  plane  of  the  viny- 
lene segment  increases  with  temperature.  This 
is  particularly  important,  since  the  chemges  of 
the  dihedral  eingle  are  closely  related  to  the  elec- 
tronic properties  of  the  polymer  . 

Inelastic  neutron  scattering  (INS)  experi- 
ments provide  complementary  information  on 
the  dynamic  properties  of  PPV.  Indeed, 
the  measured  INS  spectra  confirm  significant 
phenylene-ring  motions  and  librations,  and  also 
reveal  low-frequency  lattice  vibrational  modes 
that  are  not  readily  accessible  by  optical  spec- 
troscopic methods.  The  stretch-oriented  PPV 
films  used  in  the  experiments  were  prepared 
by  thermal  conversion  of  stretched  precmsors. 
Two  samples  were  employed:  one  was  the  all- 
hydrogen polymer,  and  the  other  was  a partially 
deuterated  PPV  (C6H4C2D2)x  in  which  ~70% 
of  the  vinylene  hydrogens  were  replaced  by  deu- 
terium. The  c-axis  mosaic  of  both  films  was 
determined  to  be  about  10°  (full  width  at  half 
maximum). 

The  inelastic  scattering  data  were  obtained 
using  the  BT-4  filter-analyzer  spectrometer  with 
the  low-pass  Be/graphite  filter.  Two  different 
scattering  geometries  were  designed  so  that  the 
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Figure  11.  Spectra  obtained  in  the  Q±c  config- 
uration at  150  K.  Solid  squares  correspond  to  the 
720  mg  all-hydrogen  PPV  sample;  oi>en  circles  to 
the  1050  mg  vinylene-deuterated  sample.  The  upper 
spectrum  is  off^t  by  300  counts  for  clarity. 

wave-vector  transfer  Q was  either  perpendicular 
or  parallel  to  the  chain  axis  (the  c axis)  of  the 
stretch-oriented  polymer.  Here  we  recall  that 
the  scattering  function  Sinc(Q,^^)  depends  on 
the  product  Q.e^(q), where  e^(q)  is  the  displace- 
ment vector  of  the  dth  hydrogen  atom  for  the  jth 
normal  mode  and  phonon  wave-vector  q.  Thus, 
the  FAS  spectra  measured  in  the  Q±c  (Q||c) 
configuration  refiect  the  contribution  of  vibrar 
tional  modes  with  displacements  normal  (paral- 
lel) to  the  chain  axis. 

Figure  11  shows  the  neutron  scattering 
spectra  of  the  fuUy-protonated  “H6”  and  the 
vinylene-deuterated  “D2”  samples  recorded  in 
the  Q_Lc  configuration  at  150  K.  The  two  spec- 
tra are  very  similar  and  demonstrate  that  all  of 
the  strong  vibrational  features  involve  phenylene 
motions.  Only  the  second  peak  at  25  meV  has  a 
higher  relative  intensity  in  H6  than  in  D2,  sug- 
gesting non-negligible  contributions  of  vinylene 
motions  to  this  mode.  In  figure  12,  the  same 
150  K spectnun  for  D2-PPV  is  compared  with 
its  QJ_c  analog.  Mainly  parallel  featmes  are  ob- 
served near  40  eind  80  meV,  and  the  strong  peaks 
found  at  15,  25,  and  51  meV  correspond  clearly 
to  modes  with  perpendicular  polarization. 


Figure  12.  A comparison  of  the  D2-PPV  spectra 
obtained  in  the  jDarallel  (solid  circles)  and  perpen- 
dicular (open  circles)  configuration  at  150  K.  The 
upper  spectrum  is  offset  by  300  counts  for  clarity. 

The  assignment  of  modes  was  based  on  po- 
larization analysis,  isotope  substitution  results, 
analogies  to  the  dynamics  of  another  ring  con- 
taining polymer  - polyaniline  [6] , and  on  the  vi- 
brational analysis  of  a single  PPV  chain  with  the 
force  field  derived  by  a semi-empirical  Hartree- 
Fock  calculation.  The  sharp  peak  at  51  meV  is 
produced  by  the  out-of-plane  ring-bending  vi- 
bration (a  mode  with  symmetry  in  para- 
disubstituted  benzenes  corresponding  to  the  i/isa 
vibration  of  benzene).  The  broader  structure  be- 
tween 60  and  70  meV  is  assigned  to  out-of-plane 
ring  deformations  (a  “butterfly”  mode)  at  68 
meV  and  in-plane  circular  motions  of  phenylene 
rings  at  60  meV.  The  parallel  mode  near  80  meV 
involves  longitudinal  stretching  and  in-plane  de- 
formations of  rings  (g  = 0 optical  phonon  mode) 
and  is  also  observed  as  a Raman  line  at  82.0 
meV.  The  second  parallel  peak  near  40  meV 
is  attributed  to  the  maximum  of  the  density 
of  longitudinal  acoustic  modes  at  the  edge  of 
the  Brillouin  zone.  Finally,  the  two  perpendic- 
uIeu*  features  at  15  and  25  meV  can  be  assigned 
to  chain-torsional  motions  and  whole-chain  li- 
brations  (possibly  coupled  with  ring  librations) , 
respectively.  The  25  meV  peak  also  shows  a 
pronounced  anharmonic  character  and  shifts  to 
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lower  frequency  by  ^ 2 meV  as  the  temperature 
increases  by  150  K. 

The  inelastic  neutron  scattering  technique 
can  also  be  an  interesting  tool  for  determining 
the  natme  of  PPV  chains  after  doping.  For  in- 
stance, n doping  (as  in  Na  doped  PPV)  adds 
electrons  to  the  chain  and  thus  changes  its  elec- 
tronic structure.  This  should  affect  the  fre- 
quency of  phenylene  librations  and  out-of-plane 
ring  deformations,  which  are  readily  observed  by 
INS.  Investigation  in  this  direction  is  cmrently 
in  progress. 
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Isotope-Dilution  Studies  of  H-H  Inter- 
actions in  Rare-Earth  Hydrides 

Over  the  past  year,  isotope-dilution  neutron 
spectroscopy  (IDNS)  has  been  used  to  explore 
the  subtleties  of  the  different  H-H  interactions 
present  in  the  rare-earth  hydrides.  For  exam- 
ple, the  broad,  complex  hydrogen  density  of 
states  (DOS)  resulting  from  the  presence  of  sig- 
nificant dynamic  H-H  interactions  in  the  tetra^ 
hedral  (t)  sublattice  of  the  stoichiometric  rare- 
earth  dihydrides  is  shown  for  YH2  and  YD2 
in  figure  13.  These  bimodal  spectra  are  typi- 
cal of  the  fiuorite-type  dihydrides.  Early  lattice 


dynamical  modelling  by  Slaggie  [1]  attributed 
the  width  (i.e.,  splitting)  of  these  optical  distri- 
butions to  nearest-neighbor  Ht-Ht  interactions. 
Figure  13  illustrates  what  happens  to  the  DOS 
when  one  destroys  the  dynamical  coupling  inter- 
actions between  neighboring  Hf  and  Dj  atoms 
by  isotopically  diluting  these  atoms  in  the  t 
sublattice  with  their  companion  isotopes.  For 
Y(Ho.o2Do.98)2j  tfie  majority  of  diluted  Hf  de- 
fect atoms  are  isotopicaUy  isolated,  possessing 
only  Df  host  neighbors.  Although  Hf-Df  inter- 
actions are  still  present,  the  dynamical  mani- 
festation of  the  interactions  is  prevented  by  the 
differences  in  isotopic  mass,  because  the  lighter 
Hf  atoms  cannot  dynamically  couple  with  the 
heavier  vicinal  Df  atoms.  The  same  reasoning 
applies  for  Y(Ho.9Do.i)2,  where  now  the  heav- 
ier Df  defect  atoms  are  diluted  in  a predomi- 
nantly Hf  host  sublattice.  The  spectroscopic  re- 
sult of  an  isotopically  isolated  atom  is  a collapse 
of  the  broad,  complex  DOS  to  a sharp,  triply- 
degenerate,  local-mode  featme.  The  Hf  and  Df 
defect  mode  energies  found  at  126.2  and  88.1 
meV,  respectively,  are  in  general  agreement  with 
the  predictions  of  simple  mass  defect  theory  [2] . 

The  relatively  high  resolution  of  the  Df  de- 
fect spectrum  and  the  significant  isotope  frac- 
tion of  Df  defect  atoms  (0.1)  permitted  us  to 
measure  the  DOS  contribution  of  those  Df  defect 
atoms  that  reside  as  members  of  isolated  Df-Df 
pairs.  Indeed,  an  expansion  of  the  energy  scale 
for  the  DOS  of  the  Df  defects  in  Y(Ho.9Do.i)2 
shown  in  figure  14  allows  one  to  discern  more 
clearly  both  higher-  and  lower-energy  shoulders 
that  roughly  coincide  with  the  major  split  fea- 
tures of  the  YD2  spectrum  in  figure  13.  These 
shoulders  are  tentatively  attributed  to  the  local, 
axially-polarized,  “acoustic”  and  “optic”  vibra- 
tional modes  of  dynamically-coupled,  nearest- 
neighbor  Df-Df  defect  pairs.  This  is  reminiscent 
of  the  similar  bimodal  lineshapes  observed  pre- 
viously [3,4]  for  the  dynamically  coupled  Df-Df 
and  Hf-Hf  c-axis-directed  pairs  present  in  a-YDa; 
and  q-YHx.  A multicomponent  gaussian  fit  of 
the  Df-defect  spectrum  locates  the  acoustic  and 
optic  modes  at  85.7  and  90.8  meV,  respectively. 


References 


13 


Energy  Loss  (meV) 


Figure  13.  High-resolution  vibrational  spectra  of 
YD2,  YH2,  Y(Ho.9Do.i)2j  and  Y(Ho.o2Do.98)2  below 
10  K. 

split  by  w5  meV.  The  vibrations  of  the  Dt  pair 
members  in  the  other  normal-mode  directions 
perpendicular  to  the  Dt-Dt  axis  (assimiing  that 
there  are  no  nearest-neighbor  Dt  atoms  in  these 
directions)  are  considered  to  be  identical  to  the 
vibrations  of  isolated  Dt  defects  and  contribute 
to  the  central  feature  at  88.1  meV.  Applying  a 
simple,  one-dimensional,  coupled-harmonic  os- 
cillator model  similar  to  that  used  previously  to 
analyze  the  spectroscopic  splitting  of  c-polarized 
Ht  vibrations  in  a-YHa:?  [3]  one  obtains  a calcu- 
lated Dt-Dt  coupling  constant  that  is  ^6%  as 
large  as  the  Y-D  force  constant,  which  is  con- 
sistent with  the  value  determined  from  analysis 
of  the  phonon-dispersion-cmve  data  for  single- 
crystal CeD2,  .12  [3]. 

This  study,  in  particular,  illustrates  the  ca^ 
pability  of  IDNS  to  investigate  the  behavior  of 
heavy  mass  defects  in  an  otherwise  purely  hy- 
drided  material,  which  to  our  knowledge  has  not 
previously  been  attempted  due  to  much  larger 
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Figure  14.  Multicomponent  gaussian  fit  (solid 
curve)  of  the  high-resolution,  Dt-defect-mode,  vibra- 
tional spectrum  for  Y(Ho.9Do.i)2-  All  peaks  were 
constrained  to  have  the  same  widths  and  the  com- 
fjonents  of  the  doublet  were  constrained  to  have  the 
same  intensity.  Individual  features  are  indicated  by 
the  d£ished  curves.  The  central  peak  represents  iso- 
lated Df  atom  vibrations;  the  doublet  represents  the 
acoustic  and  optic  components  of  Dt-Dt  pair  vibra- 
tions. 

neutron-scattering  cross  section  for  H compared 
to  D.  This  capability  should  have  many  appli- 
cations in  future  studies  of  metal  hydride  and 
hydrogenous  molecular  systems. 
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Research  in  these  general  areas  covers  a wide 
range  of  topics  this  year,  although  it  is  interest- 
ing to  note  that  a considerable  amount  of  effort 
has  been  devoted  to  systems  that  are  both  mag- 
netic and  superconducting.  Following  are  some 
highlights;  the  research  topics  section  provides 
an  idea  of  the  breadth  of  the  ongoing  work. 

Heavy  Fermion-Type  Systems 

One  of  the  areas  of  particular  interest  this 
year  concerns  the  spin  dynamics  of  materials 
that  belong  to  the  heavy-fermion  class  of  sys- 
tems. The  first  material  we  discuss  is  Yb- 
BiPt,  which  is  a newly  discovered  heavy  fermion 
system  that  has  an  enormous  linear  specific- 
heat  coefficient,  7 = 8J/mol— K^,  an  order  of 
magnitude  more  than  that  of  typical  heavy 
fermion  compoimds  and  three  orders  of  magni- 
tude more  than  that  of  conventional  metals.  Yb- 
BiPt  was  reported  to  form  the  MgAgAs  struc- 
tme  t3rpe  (space  group  F43m),  which  is  a com- 
mon Heusler-alloy  structure.  Powder  diffiraction 
data  by  Robinson  et  al.  [1]  obtained  both  at 
NIST  and  elsewhere  resolved  the  ambiguities  in 
the  crystal  structure,  showing  that  none  of  the 
sites  are  chemically  disordered  in  this  material. 
In  addition,  there  is  a phase  transition  at  400 
mK  that  is  thought  to  be  magnetic  in  origin. 
We  therefore  carried  out  powder  diffraction  ex- 
periments in  a dilution  refrigerator  with  a low 
temperature  capability  of  ^50  mK.  We  did  not 
observe  the  development  on  any  long  range  mag- 
netic order,  and  our  data  place  an  upper  limit  of 
0.25  fiB  on  any  ordered  moment  that  develops 
below  400  mK.  We  have  also  searched  at  low 
temperatures  for  displacements  or  splittings  of 
crystallographic  peaks  that  might  indicate  a dis- 
tortion from  the  cubic  structure,  and  have  found 
no  such  evidence.  Thus  the  natme  of  this  400 
mK  transition  remains  a mystery. 

The  enormous  specific  heat  is  of  course  di- 
rectly related  to  the  excitations  in  the  sys- 
tem, and  the  nature  of  these  excitations  can 


be  probed  with  inelastic  neutron  scattering. 
YbBiPt  has  previously  been  characterized  by 
means  of  electrical  resistivity,  magnetoresis- 
tance, ac  and  dc  magnetic  susceptibility  and 
specific  heat  measurements.  In  order  to  explain 
these  data,  it  was  suggested  that  the  cubic  crys- 
tal field  splits  the  4f7/2  Yb^'^  Himd’s  rule  stf  £1^0 
into  two  doublets  (Fy  and  Fe,  split  by  meV), 
and  a Fg  quartet,  in  that  order.  Earlier  inelas- 
tic work  at  higher  temperatures  (above  1.5  K) 
showed  that  there  is  a crystal-field  degeneracy 
at  low  energies  and  that  the  ground  state  may 
best  be  thought  of  as  comprising  both  the  Fy 
doublet  and  the  Fg  quartet.  Both  levels  are  in- 
trinsically broadened,  and  the  inelastic  response 
can  be  fit  fairly  well  by  a two-component  Gaus- 
sian quasielastic  response,  the  narrow  Gaussian 
(Fy)  having  a width  of  ^0.4  meV  and  the  broad 
Gaussian  (Fg)  a width  of  ~1.4  meV.  The  pur- 
pose of  the  present  inelastic  experiments  was 
to  study  this  response  to  lower  temperatures, 
down  to  350  mK  using  a ^He  cryostat  on  the 
cold-neutron  time-of-flight  diffractometer  in  the 
guide  hall. 

We  took  data  utilizing  incident  energies  of  E, 
= 4.5  meV  and  2.7  meV.  The  measured  elastic 
resolution  after  summing  over  all  detectors  was 
280  /ieV  FWHM  at  E*  = 4.5  meV  and  110  /zeV 
FWHM  at  2.7  meV.  Data  were  collected  at  10  K, 
as  well  as  above  (450  mK)  zind  below  (350  mK) 
the  400  mK  transition.  However,  there  was  no 
detectable  difference  between  these  latter  sets  of 
data  and  they  were  simply  summed  in  the  fol- 
lowing discussion;  the  sum  is  denoted  by  T = 
400  mK.  The  data  are  shown  in  figure  1.  The 
10  K data  in  figure  1(a)  show  the  two  compo- 
nent response  observed  previously,  but  at  400 
mK  some  structure  appears  in  the  broad  mag- 
netic response,  as  shown  in  figure  1(b).  There 
are  clearly  two  discrete  inelastic  levels  at  ap- 
proximately 1 and  2 meV.  Within  a conventional 
crystal-field  description,  this  must  correspond  to 
some  external  field  splitting  of  the  Fg  quartet. 
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Figure  1.  Observed  time-of-flight  spectra  from  Yb- 
BilH,  taken  on  the  cold-neutron  time-of-flight  sp»ec- 
trometer,  (a)  at  10  K using  E*  = 4.5  meV,  (b)  the 
sum  of  data  at  350  mK  and  450  mK  using  Elj  = 4.5 
meV  and  (c)  the  sum  of  data  at  350  mK  and  450  mK 
using  Eli  = 2.7  meV. 

as  this  is  the  only  unresolved  degeneracy  in  the 
problem.  In  order  to  study  the  “true”  quasielas- 
tic response,  measurements  were  also  made  with 
higher  resolution,  as  shown  in  figure  1(c).  In 
this  case,  the  quasielastic  response  below  0.5 


meV  is  better  fit  using  a Gaussian  rather  than  a 
Lorentzian  lineshape,  indicating  that  a conven- 
tional single-site  Kondo  picture  is  inappropriate 
and  that  the  magnetic  fluctuations  involve  inter- 
site correlations.  However,  there  are  still  sig- 
nificant deviations  from  the  assumed  Gaussian 
response,  and  there  is  some  evidence  for  a more 
divergent  response  at  still  lower  energies.  Elxper- 
iments  with  even  hi^er  resolution  would  clearly 
be  desirable  to  pursue  this  low  energy  dynamic 
response. 

The  electronic  specific  heat  can  be  calcu- 
lated from  the  measured  inelastic  response  us- 
ing a generalized  Schottky-model  approach  and 
the  broadened  levels  that  we  observe.  This  gives 
agreement  with  the  bulk  specific  heat  7 to  within 
25%  or  so.  If  we  assume  the  two  inelastic  levels 
shown  in  figure  1(b)  together  with  the  observed 
temperatme-dependent  line  broadening,  all  the 
qualitative  features  in  the  specific  heat  are  re- 
produced. Thus  it  seems  that  roughly  half  of 
the  electronic  specific  heat  is  due  to  broadening 
of  the  r?  doublet  level  (with  a Kondo  tempera^ 
ture  of  roughly  2.2  K),  and  the  other  half  is  due 
to  the  presence  of  the  low-l3ring  Fg  levels. 

Non-Fermi  Liquids 

Fermi  liquid  theory  (FLT)  is  fundamental  to 
our  understanding  of  the  natirre  of  electronic 
excitations  in  metals,  as  it  establishes  a one- 
to-one  correspondence  between  the  excitations 
of  a free  electron  gas  and  those  of  real  inter- 
acting conduction  electrons  in  metals.  One  of 
the  central  premises  of  FLT  is  the  existence 
of  a single  energy  scale,  the  Fermi  energy  Ep, 
whereby  for  energies  E Ep  and  tempera^ 
tures  kT  Ep  the  electronic  properties  ex- 
hibit universal  behavior.  In  heavy  fermion  sys- 
tems such  as  the  material  just  discussed,  the 
low  temperature  properties  do  indeed  exhibit 
a dependence  on  a single  energy  scale  as  ex- 
pected for  a Fermi  liquid,  but  with  enormous 
enhancements  of  the  eflfective  mass  of  the  elec- 
trons. However,  recently  a new  class  of  com- 
pounds has  been  discovered  that  exhibits  low 
temperature  properties  inconsistent  with  con- 
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ventional  Fermi  liquid  theory.  The  UCu5_a:Pdx 
alloy  belongs  to  this  new  class  of  materials,  and 
has  the  attractive  property  that  all  x share  the 
common  AuBes  crystal  structure.  The  parent 
UCu6  compound  is  a prototypical  Kondo  lattice 
antiferromagnet  with  a Neel  temperature  of  15 
K and  a Kondo  temperature  of  ^80  K as  inferred 
&om  the  observed  quasielastic  linewidth.  With 
Pd  doping  the  antiferromagnetic  order  is  quickty 
suppressed,  and  the  low  temperature  thermal 
and  transport  measurements  exhibit  remarkable 
temperature  and  magnetic  field  scaling  proper- 
ties that  are  manifestly  nourFermi  liquid  like. 
The  nature  of  the  magnetic  excitations  has  been 
investigated  for  samples  with  x = 1 and  x = 1.5 
by  Aronson  et  al.,  [2]  where  no  magnetic  long 
range  order  of  any  kind  is  foimd. 

The  inelastic  neutron  scattering  measure- 
ments were  carried  out  in  a He^  cryostat  on 
the  time-of-fiight  spectrometer  to  elucidate  the 
imderl3ring  firequency  and  temperature  depenr 
dence  of  the  excitation  spectrum  associated  with 
these  unique  scaling  properties.  The  low  energy 
portion  of  the  magnetic  fiuctuation  spectrum  is 
shown  in  figure  2.  The  scattering  on  the  en- 
ergy loss  side  (E  > 0)  exhibits  a unique  insen- 
sitivity to  the  temperature,  while  the  scatter- 
ing on  the  energy  gain  side  {E  < 0)  increases 
with  increasing  temperature  in  accordance  with 
detailed  balance.  This  lack  of  temperature  de- 
pendence on  the  energy  loss  side  suggests  that 
the  electrons  in  this  material  form  a novel  nonr 
Fermi-liquid  electronic  ground  state.  Lielastic 
measurements  [2]  extending  to  much  higher  en- 
ergies reveal  that  there  does  not  appear  to  l>e  a 
unique  energy  scale,  also  in  contradiction  to  the 
FLT  hypothesis.  This  scale-invariant  magnetic 
excitation  spectrum  is  suggestive  of  the  absence 
of  a well  defined  Fermi  energy  in  this  class  of 
materials. 

Spin  Dynamics  of  Finite-Size  Chains 

Quasi-one-dimensional  S = 1 antiferromag- 
nets  that  do  not  exhibit  long  range  order  at  low 
temperatures  are  unique  in  the  world  of  mag- 
nets. In  such  systems  strong  fiuctuations  pre- 
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Figure  2.  High  resolution  measurement  of  the  mag- 
netic excitations  in  UPdi.5Cu3.5.  The  intensity  on 
the  energy-loss  side  (F  > 0)  is  temperature  indepen- 
dent, while  the  scattering  on  the  energy  gain  side 
(E  < 0)  follows  the  detailed  balance  factor. 

vent  the  establishment  of  long  range  order  as 
T — ► 0,  and  induce  a quantum  liquid  ground 
state  with  a Haldane  gap  in  the  excitation  spec- 
trum. In  the  past  the  only  examples  of  such 
magnets  were  found  among  organic  insulators. 
Recently,  however,  a transition  metal  oxide  with 
this  special  low  temperature  phase,  Y2BaNi05, 
was  discovered.  The  crucial  importance  of  this 
new  material  is  that,  in  contrast  to  the  or- 
ganic insulators,  it  can  be  appropriately  doped 
to  introduce  fi-ee  charge  carriers  in  the  material. 
Such  doping  creates  a simple  yet  truly  novel  con- 
densed matter  system — charge  carriers  interact- 
ing with  a quantum  spin  liquid — ^that  is  not  only 
unique  and  interesting  in  its  own  right  but  also 
has  many  similarities  to  the  cuprate  supercon- 
ductors. 

Y2BaNi05  is  orthorhombic,  with  the  Ni^"*" 
(S  = 1)  ions  residing  in  the  interstices  of 
comer-sharing  oxygen  octahedra.  The  chains 
are  magnetically  isolated  from  each  other 
Y^"*"  and  Ba^"^  ions,  and  form  chains  where 
nearest-neighbor  spins  are  coupled  antiferro- 
magnetically.  Two  types  of  doping  are  then  pos- 
sible. One  type  is  to  dope  directly  on  the  chains, 
substituting  Zn^"^  for  Ni^"*"  to  form  the  alloy 
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Figure  3.  Background  subtracted  and  nor- 
malized inelastic  magnetic  neutron  scatter- 
ing from  Y2BaNi05,  Y2BaNi0.96Zn0.04O5, 
Yi.96Cao.o4BaNi05  and  Yi.gCao.iBaNiOs  at  a 
wave-vector  transfer  Q=l.lA~^=1.37r/a.  The 
energy  resolution  is  indicated  by  the  horizontal  bar 
at  ^=10  meV. 

Y2B2iNii_yZny05.  The  superexchange  interac- 
tion that  operates  through  the  non-magnetic 
Zn^'*’  is  negligible,  and  thus  the  spin  chains  sepn 
arate  into  segments  with  an  average  length  1/y. 
The  second  type  of  doping  occurs  when  Y^"*”  is 
substituted  by  Ca^"*"  to  form  Y2-xCaxBaNi05. 
In  this  case  S'  = 1/2  holes  are  placed  on 
the  (NiOs)®"  chains,  with  an  average  separa^ 
tion  1/x.  Polarized  soft  x-ray  absorption  spec- 
troscopy has  shown  that  the  holes  reside  pri- 
marily on  the  comer-shared  oxygen,  which  likely 
causes  a modification  of  the  superexchange  in- 
teraction mediated  through  that  oxygen  atom. 
Resistivity  data  also  indicate  that  the  holes  are 
mobile  along  the  spin  chain. 

A comparative  study  of  how  the  quantum 
spin  liquid  of  the  parent  compound  is  affected 
each  of  these  perturbations  has  been  under- 
taken by  DiTusa  et  al.  [3].  The  results  are 
summarized  in  figure  3,  which  shows  the  in- 
tensity of  inelastic  magnetic  neutron  scattering 
as  a function  of  energy  transfer  for  four  dif- 
ferent powder  specimens.  These  scans  probe 
the  spherically-averaged  dynamic  spin  correla- 
tion function  S(Q,a;).  In  order  to  be  sensi- 
tive to  modifications  in  the  low  energy  response. 


the  wave- vector  transfer  Q=1.37r/a  was  cho- 
sen so  that  S(Q,LL>)=(l/4)/Q^du\/l  — u2S(u-Q,a;) 
is  dominated  by  antiferromagnetic  fiuctuations, 
with  wave- vector  transfer  7r/a  along  the  chain. 

In  the  pure  compoimd  (filled  circles  in  Fig. 
3)  S{Q^lj)  vanishes  below  9 meV.  This  Haldane 
gap  in  the  excitation  spectrum  is  the  defining 
feature  of  the  one-dimensional  5=1  quantum 
spin-liquid.  For  /kj  w 10  meV,  has  a 

pronounced  peak  associated  with  the  creation 
of  weakly  interacting  massive  bosons. 

In  the  Zn-doped  compound  (open  circles  in 
Fig.  3)  we  see  that  spectral  weight  is  shifted 
to  higher  energies,  while  the  low  energy  range 
remains  free  of  magnetic  excitations.  This  is 
a simple  consequence  of  reducing  the  average 
chain  length  to  1/y  = 25.  That  this  trend  is 
correct  may  be  appreciated  by  considering  the 
case  of  a “chain”  of  just  two  spins;  the  gap  in 
this  case  just  equals  the  exchange  constant  and 
thus  the  scattering  occurs  at  high  energies.  The 
spin  degrees  of  freedom  associated  with  the  ends 
of  the  finite  spin  chains,  on  the  other  hand,  2Lre 
not  apparent  in  the  data.  These  end  effects  give 
rise  to  a “Curie  tail”  in  the  low  temperature  sus- 
ceptibility, but  we  expect  that  the  corresponding 
magnetic  scattering  directly  associated  with  the 
impurities  resides  below  the  range  of  energies 
that  could  be  resolved  in  this  experiment. 

For  the  hole-doped  compoimd  (filled  dia- 
monds and  triangles  in  Fig.  3),  where  a modu- 
lation in  superexchange  is  caused  by  the  holes, 
the  same  finite  size  effects  as  for  the  Zn  dop- 
ing are  observed  at  higher  energies.  Below  the 
Haldane  gap,  on  the  other  hand,  the  behavior 
is  quite  different;  there  is  a resonance  that  de- 
velops at  approximately  half  of  the  Haldane  gap 
energy.  Constant-energy  cuts  through  5((5,Ci^) 
reveal  that  the  structure  factor  of  the  resonant 
mode  resembles  that  of  the  quantum  spin  hq- 
uid  itself.  Reducing  the  average  hole  spacing  to 
1/x  = 10  (triangles  in  Fig.  3)  does  not  shift 
this  resonance  nor  does  it  change  the  relative 
spectral  weights,  but  it  does  lead  to  broaden- 
ing both  in  Q and  uj,  indicating  that  impurity 
interactions  become  significant  at  this  level  of 
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doping.  It  is  interesting  to  note  that  this  occurs 
as  the  average  impurity  separation  approaches 
the  equal  time  correlation  length  w 6)  in  the 
parent  quantum  spin-liquid. 

The  simplest  model  for  the  hole-doped  com- 
pound would  treat  the  holes  as  static  perturba- 
tions in  the  superexchange.  In  the  analogous 
phonon  problem  a localized  perturbation  of  in- 
teractions leads  to  a bound  state  or  localized 
“optical”  mode.  It  is  presently  not  clear  whether 
a static  impurity  model  would  provide  an  ad- 
equate description  of  the  system,  or  whether 
the  hole  mobility  is  instrumental  in  creating  the 
sub-gap  resonance.  It  also  remains  to  be  seen 
whether  hole  transport  is  affected  by  the  imusual 
nature  of  the  magnetic  excitations  in  the  parent 
compound.  It  is  fortunate  that  in  one  dimension 
detailed  analysis  of  realistic  models  is  possible. 
Such  calculations  as  well  as  further  experiments 
on  single  crystal  samples  will  be  required  to  un- 
derstand the  origin  of  the  sub-gap  resonance  in 
a hole-doped  quantum  spin  liquid. 

Magnetic  Order  in  Superconductors 

The  interplay  between  the  competing  effects 
of  superconductivity  and  magnetism  remains  at 
the  forefront  of  research  into  the  microscopic 
mechanisms  underlying  these  ordered  states  of 
matter.  In  the  well-known  ferromagnetic  sys- 
tems ErRh4B4  and  HoMo6(S,Se)8  such  coupling 
manifests  itself  in  the  appearance  of  an  oscilla- 
tory magnetic  state  (T^l  K),  often  as  a pre- 
cursor to  ferromagnetism,  which  then  extin- 
guishes the  superconductivity  at  low  temper- 
atures. More  common  for  these  temaiy  sys- 
tems is  the  coexistence  of  antiferromagnetism 
and  superconductivity,  where  anomalies  in  Hc2 
are  often  observed  neai  Tn.  The  newly  discov- 
ered rare-earth  quaternary  nickel  boron  carbide 
systems  are  ideal  candidates  for  study  as  they 
represent  a new  class  of  non-cuprate  high-Tc 
superconductors  which  exhibit  coupling  of  the 
rare-earth  moments  with  the  superconducting 
order  parameter.  The  relatively  high  temper- 
ature scale  of  the  magnetism  necessitates  that 
exchange  interactions  dominate  the  energetics. 


The  most  interesting  material  appears  to  be 
HoNi2B2C,  which  becomes  superconducting  at 
K,  reenters  the  normal  conducting  state 
at  5 K,  and  quickly  recovers  superconductivity 
at  lower  temperature.  The  diffraction  measure- 
ments carried  out  by  Grigereit  et  al.  [4]  show 
that  the  magnetic  order  that  first  forms  on  cool- 
ing is  oscillatory  in  nature,  and  is  directly  cou- 
pled to  the  superconducting  order  parameter. 
In  contrast  to  previously  known  systems,  how- 
ever, this  oscillatory  state  is  detrimental  to  su- 
perconductivity, and  the  superconducting  state 
only  survives  at  low  temperatures  because  of  a 
first-order  transition  to  a compensated  Eintifer- 
romagnetic  state. 

We  start  our  description  of  the  magnetism 
by  considering  the  magnetic  ground  state.  The 
Ho  magnetic  structure  consists  of  ferromagnetic 
sheets  of  spins  in  the  a-b  plane,  with  the  sheets 
coupled  antiferromagnetically  along  the  tetrago- 
nal c-axis.  The  ordered  moment  is  8.7  ± 0.2  fis, 
substantially  below  the  free-ion  value  of  10 
indicating  that  crystal  field  effects  are  impor- 
tant, £ind  inelastic  measurements  reveal  the  that 
the  first  two  excited  crystal  field  states  are  at 
11.3  meV  and  16.0  meV.  Thus  in  the  ordered 
magnetic  state  the  Ho  ions  are  predominantly 
in  the  crystal  field  groimd  state,  which  is  a dou- 
blet. In  addition,  field-dependent  diffraction 
measurements  show  that  the  moments  strongly 
prefer  to  lie  in  the  a-6  plane  and  indeed  it  is 
quite  easy  to  produce  a sample  with  the  c-axis 
aligned  perpendicular  to  the  field  direction  by 
the  application  of  modest  fields  at  low  tem- 
peratures. Thus  an  xy  model  with  four-fold 
anisotropy  would  be  suitable  to  describe  the  mo- 
ments at  low  T.  For  the  exchange  interactions  an 
anisotropic  three-dimensional  exchange  model  is 
likely  appropriate,  with  ferromagnetic  exchange 
in  the  a-b  plane  and  a weaker  antiferromagnetic 
exchange  being  mediated  through  the  Ni  layers. 

Upon  cooling  from  the  paramagnetic  state, 
on  the  other  hand,  the  magnetic  state  which 
first  forms  is  oscillatory  in  nature.  In  particu- 
leir,  satellite  peaks  are  observed  on  either  side  of 
the  fundeimental  antiferromagnetic  Bragg  refiec- 
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Figure  4.  Magnetic  Ordering  in  HoNi2B2C.  (a)  Spi- 
ral satellite  positions  as  a function  of  temperature, 
(b)  antiferromagnetic  Bragg  intensity  vs.  T,  and  (c) 
oscillatory  intensity  vs.  T. 

tions.  Based  on  a detailed  comparison  of  -^30 
satellites  the  modulation  wave  vector  is  found 
to  be  along  the  c-axis,  with  the  moments  being 
transversely  polarized  with  respect  to  the  oscil- 
latory wave  vector  (0,0,qc).  This  wave  vector  is 
essentially  temperature  independent  above  -^5 
K as  shown  in  figure  4(a),  with  qc  = 0.0543 
which  corresponds  to  a wavelength  X = 2n/qc  = 
115.7  A,  or  about  eleven  unit  cells  along  the  c- 
axis.  qc  is  only  weakly  temperature  dependent 
below  5 K and  is  also  field  independent.  In  view 
of  the  propensity  of  the  moments  to  lie  in  the  a- 
b plane  and  the  net  ferromagnetic  interactions 
within  these  planes,  the  most  likely  model  to 
describe  the  oscillation  is  a spiral  in  which  the 
ferromagnetic  planes  rotate  from  layer  to  layer 


along  the  c-axis,  with  a timi  angle  of  16.4°  away 
from  the  antiparallel  direction  for  each  hohnium 
layer.  We  also  observe  a commensurate  antifer- 
romagnetic peak  in  addition  to  the  satellites.  If 
these  two  types  of  peaks  are  coming  from  the 
same  regions  of  the  sample  then  the  full  mag- 
netic structure  would  be  the  coherent  superpo- 
sition of  these  two  structures;  above  ~5  K the 
spiral  amplitude  would  be  twice  as  large  as  the 
antiferromagnetic  component  of  the  moment. 

The  temperature  dependence  is  shown  in  fig- 
ure 4(b)  for  the  commensurate  antiferromag- 
netic peak,  and  in  figure  4(c)  for  the  oscilla- 
tory peak.  On  cooling,  these  peaks  first  be- 
come observable  just  above  8 K,  and  initially 
they  increase  in  intensity  at  the  same  rate.  This 
is  the  same  temperature  regime  where  the  su- 
perconducting state  is  forming,  with  Tc«7.5  K. 
The  intensities  of  both  types  of  peaks  continue 
to  grow  down  to  5 K,  where  the  intensity  at 
qc  suddenly  begins  to  drop.  This  is  just  in 
the  narrow  temperature  range  where  the  normal 
conducting  state  is  reentered,  and  demonstrates 
that  the  oscillatory  component  is  directly  cou- 
pled to  the  superconductivity.  With  further  de- 
crease of  temperature  the  oscillatory  amplitude 
rapidly  drops,  and  superconductivity  is  quickly 
restored  again  in  the  system.  The  intensity  be- 
longing to  the  commensmate  antiferromagnetic 
state,  on  the  other  hand,  continues  to  grow  as 
T— >0,  and  this  antiferromagnetic  state  readily 
coexists  with  superconductivity  at  low  temper- 
ature. However,  the  intensity  at  qc  does  not 
go  completely  to  zero,  but  comprises  ~4%  of 
the  total  intensity  at  low  temperatures,  with 
a somewhat  longer  and  temperature-dependent 
wavelength.  This  residual  intensity  could  be 
from  non-superconducting  domain  boundaries, 
and  indeed  the  highest-resolution  data  reveal  a 
small  temperature  independent,  intrinsic  width 
to  the  magnetic  Bragg  peaks,  which  we  attribute 
to  domain  size  effects  (~  2000  A).  Upon  warm- 
ing, strong  hysteresis  occurs  in  all  the  intensities, 
and  to  a lesser  extent  in  qc. 

The  overall  behavior  for  HoNi2B2C  appears 
at  first  glance  to  be  similar  in  some  respects 
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to  the  “ferromagnetic”  superconductors  such  as 
HoMoeSg  and  ErRh4B4.  In  those  materials  su- 
perconductivity is  well  estabhshed  before  the 
magnetic  system  tries  to  order  ferromagnetically 
at  low  T.  Initially  a compromise  oscillatory  state 
is  formed,  but  the  ferromagnetism  quickly  dom- 
inates the  energetics  and  they  lose  their  super- 
conductivity and  are  ferromagnetic  and  normal 
at  low  temperature.  The  behavior  in  HoNi2B2C 
is  similar  in  that  an  oscillatory  state  is  also  re- 
alized at  high  temperatures  and  is  suppressed 
at  low  temperature,  but  the  nature  of  the  mag- 
netism is  quite  diflferent.  In  this  new  system 
the  oscillatoiy  state  forms  at,  or  slightly  above, 
the  superconducting  state.  Initially  the  ampli- 
tudes of  both  states  are  feeble,  and  the  super- 
conductivity is  not  able  to  force  such  an  oscil- 
latory state  to  form.  More  importantly,  as  the 
oscillatory  state  is  suppressed  superconductivity 
returns,  and  quite  readily  coexists  with  the  com- 
mensurate antiferromagnetic  state  at  low  tem- 
perature. We  conclude  that  the  oscillatory  state 
itself  is  the  preferred  magnetic  order.  For  the 
superconductivity,  however,  the  misalignment  of 
adjacent  ferromagnetic  planes  destroys  the  an- 
tiferromagnetic compensation  on  the  Ni  planes 
and  produces  a net  ferromagnetic  component  on 
the  Ni  layers  which  destroys  superconductivity; 
just  the  opposite  behavior  as  for  the  ferromag- 
netic superconductors. 

Finally  we  note  that  the  ErNi2B2C  system 
has  been  investigated  by  Sinha  et  cd.^  [5]  and 
in  this  case  a transversely  polarized  incommen- 
surate spin  density  wave  state  is  also  observed, 
but  the  modulation  wave  vector  is  along  the  a 
axis.  This  state  happily  coexists  with  supercon- 
ductivity for  the  full  temperature  range,  and  no 
hysteresis  in  the  physical  properties  is  observed. 
Hence  there  is  no  obvious  competition  between 
the  superconductivity  and  magnetic  order  in  the 
case  of  an  a-axis  modulated  state. 

Anomalous  Exchange  in  MnCl2 

MnCl2  is  a CdCl2-type  layered  material  in 
which  Mn^"*"  ions  he  in  close-packed  triangu- 
lar layers,  separated  by  two  layers  of  Cl~  ions. 


The  hexagonal  unit  cell  contains  three  molecu- 
lar units  with  lattice  constant  a = 3.7  A (rep- 
resenting the  near-neighbor  distance  between 
magnetic  ions)  and  c = 17.5  A (corresponding 
to  three  times  the  distance  between  consecutive 
Mn^"*"  layers).  Despite  the  fact  that  MnCl2  has 
been  studied  by  a variety  of  methods  for  over 
fifty  years,  its  magnetic  structure  is  still  not  well 
understood. 

There  are  two  features  that  have  escaped  ex- 
planation: First,  the  ordering  temperature  of 
« 2 K is  quite  low  considering  the  large  magnetic 
moment  (5  = 5/2)  of  the  Mn^"*"  ions,  especially 
compared  to  the  much  higher  ordering  temper- 
atures of  isomorphic  transition  metal  chlorides 
(Tjsf  « 25K  for  FeCl2  and  C0CI2).  In  addi- 
tion, the  magnetic  unit  cell  is  extremely  large 
(60  spins  when  it  first  order  and  90  spins  at 
low  temperature)  indicating  a complicated  spin 
Hamiltonian. 

One  way  to  simplify  interpretation  of  the 
magnetic  structure  is  by  reducing  the  interpla- 
nar  interaction  through  intercalation  of  MnCb 
into  graphite,  forming  MnCl2  graphite  interca- 
lation compound  (GIC),  where  the  intercalated 
MnCl2  forms  a triangular  lattice,  nearly  identi- 
cal to  that  in  pristine  material. 

The  reciprocal  lattice  of  the  MnCl2-GIC 
(Fig.  5a)  shows  the  reciprocal  lattice  vectors  of 
the  graphene  layer  and  those  of  the  Mn^"^  lat- 
tice. The  lattice  constant  for  the  Mn^"^  layer 
is  essentially  the  same  as  for  the  bulk  material, 
indicating  that  intercalation  preserves  the  in- 
plane structure  of  the  MnCl2.  At  lower  tempera- 
tures, magnetic  scattering  has  been  observed  by 
Wiesler  et  al.  [6]  (Fig.  5b),  with  peaks  appear- 
ing at  incommensurate  positions  such  as  (0.153, 
0.153)  referred  to  the  Mn^"*"  sublattice.  The 
magnitude  of  this  ordering  vector  is  greater  than 
that  for  the  bulk  material  (1/10,1/10)  but  is  in 
the  same  direction,  suggesting  a similarity  be- 
tween the  magnetic  structures  of  the  two  mate- 
rials. 

ESR  measurements  indicate  an  easy-plane 
anisotropy  for  the  Mn^"^  moments  and,  with 
the  observation  of  an  incommensurate  structure. 
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Figure  5.  Schematic  reciprocal  lattice  plane  for 
MnCl2-GIC.  Large  open  circles  are  nuclear  reflec- 
tions from  the  graphite,  small  open  circles  are  nu- 
clear reflections  for  the  MnCl2  layer,  and  closed  cir- 
cles are  magnetic  reflections,  (b)  Magnetic  scattering 
along  {hkO)  at  T = 0.43  K.  (c)  Hamiltonian  phase  di- 
agram projected  onto  the  Ji  — J2  plane  for  Jo  > 0. 
The  large  quadrilateral  denotes  the  range  of  solutions 
consistent  with  the  high-temperature  susceptibility 
data  and  the  observed  modulation  wave  vector.  The 
smaller  shaded  region  denotes  the  subset  of  these  so- 
lutions for  which  the  energy  minimum  would  occur 
at  the  pristine  wave  vector  with  the  addition  of  a 
suitable  interplanar  exchange. 
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imply  a helimagnetic  configuration  in  the  a-h 
plane,  which  we  use  to  calculate  the  groimd- 
state  energy  for  various  interaction  configura^ 
tions.  The  observed  incommensurate  ordering 
can  only  be  reproduced  with  three  interactions: 
a weak  ferromagnetic  nearest-neighbor  interac- 
tion Jo>  ^ next-nearest-neighbor  interaction  of 
imdetermined  sign  Ji,  and  an  antiferromagnetic 
third-nearest-neighbor  interaction  J2.  Apply- 
ing a similar  model  to  the  ordering  for  pristine 
MnCl2,  and  assuming  that  the  in-plane  coupling 
is  not  changed  by  intercalation,  allows  the  fur- 
ther restriction  of  allowed  values  for  the  coupling 
constants  (Fig.  5c). 

The  dominance  of  J2  is  smprising,  as  is  the 
ferromagnetic  character  of  the  nearest-neighbor 
superexchange.  Although  second-neighbor  ex- 
change interactions  are  sometimes  larger  than 
those  for  first  neighbors,  we  are  unaware  of 
any  other  insulating  magnetic  system  for  which 
three  in-plane  exchange  coupling  are  required, 
let  alone  for  which  the  third-neighbor  exchange 
is  the  strongest.  In  this  case,  however,  the  anti- 
ferromagnetic  quasi-direct  exchange  between  the 
Mn^"*"  appears  to  be  balanced  out  by  the  “90° 
superexchange”  via  the  Cl“ . The  preponderant 
infiuence  of  J2  over  Ji  is  explained  the  fact 
that  the  former  interaction  is  mediated  only  via 
a bonds  and  not  by  tt  bonds  as  in  the  case  of 
J\.  Inelastic  neutron  scattering  studies  of  the 
spin-wave  dispersion  are  planned  in  order  to  de- 
termine the  exact  solutions  for  the  exchange. 

Magnetic  Ordering  in  Nd/Y  Superlat- 
tices 

For  over  a decade  advances  in  the  controlled 
deposition  of  materials  using  molecular  beam 
epitaxy  (MBE)  have  accelerated  progress  in  the 
fabrication  of  crystalline  magnetic  films  and  su- 
perlattices with  3-d  transition  metal,  transition- 
metal  oxide,  and  rare-earth  components.  In  par- 
ticular, ^stematic  studies  of  heavy  rare-earth 
superlattices  with  nanometer-scale  interlayers 
led  to  the  first  observation  of  coupling  of  mag- 
netic interlayers  across  nonmagnetic  spacers,  a 
phenomenon  recently  observed  in  3-d  transition- 
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metal  superlattices.  Long-range  magnetic  or- 
der, which  has  been  observed  in  systems  inr 
eluding  Gd/Y,  Dy/Y  and  Er/Y,  originates  from 
an  RKKY-hke  exchange  interaction  mediated  hy 
the  conduction  electrons  in  the  nonmagnetic  ma- 
terial. In  the  bulk  rare-earths,  however,  mag- 
netostrictive  terms  in  the  energy  also  become 
important  at  low  temperatures.  The  magnetic 
phase  diagram  of  rare-earth  superlattices  thus 
is  highly  sensitive  to  the  epitaxial  strain  that 
arises  from  the  lattice  mismatch  between  the  bi- 
layer components  in  the  growth  plane. 

Until  now  there  has  been  no  study  of  epitax- 
ial superlattices  incorporating  light  rare-earth 
components  because  they  exhibit  more  complex 
magnetic  ordering  than  the  heavy  rare  earths. 
Their  spin  structures,  however,  should  exhibit 
comparable  sensitivity  to  epitaxial  strain  and  ar- 
tificial periodicity.  To  test  these  predictions,  a 
series  of  seven  c-axis  Nd/Y  superlattices  were 
grown  at  the  University  of  Illinois  using  MBE 
methods.  Neutron  diffiraction  measurements  by 
Everitt  et  al.  [7]  have  shown  that  the  magnetic 
structure  of  the  Nd  in  these  systems  is  highly 
perturbed  from  the  structure  in  bulk,  possibly 
due  to  changes  in  the  magnetic  interactions  in^ 
duced  by  grown-in  strains. 

Bulk  Nd  has  the  dhep  crystal  structure  with 
a repeated  four  layer  stacking  sequence  along  the 
c-axis  direction  of  ABAC.  The  B and  C layer 
magnetic  sites  have  hexagonal  symmetry  and  or- 
der at  T7s^=19.9K.  Their  magnetic  moment  vec- 
tors lie  in  the  basal  plane  along  one  of  three 
equivalent  b-axes.  The  magnitude  of  these  mo- 
ments is  sinusoidally  modulated  with  an  incom- 
mensurate ordering  wave  vector  of  0.14a*  just 
below  Tn  ( a*  is  parallel  to  the  b-axis  ).  The  mo- 
ments are  aligned  antiferromagnetically  in  going 
from  B to  C layers.  The  cubic  sites  (A  layers) 
order  below  8.2  K in  the  same  lype  of  structure 
as  the  hexagonal  sites  but  with  a modulation 
wave  vector  of  0.18a*  just  below  8.2  K. 

The  features  of  the  magnetic  structure  in  the 
superlattices  are  exhibited  by  neutron  diffrac- 
tion scans  along  a*  through  the  (003)  dhep  re- 
ciprocal lattice  point,  as  shown  in  the  figure  6 for 
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Figure  6.  (a)  Neutron  diffi’action  scan  along 

o*  through  the  (003)  reciprocal  lattice  point  for 
[Nd(77A)|Y(2lA)]  at  5K.  The  antiferromagnetic 
p>eak  at  (003)  is  not  present  in  bulk  Nd.  The  p>eaks 
centered  at  0.12a*  and  0.18a*  are  due  to  bulk-like 
hexagonal  and  cubic  site  magnetic  ordering,  (b)  Sim- 
ilar scan  fcH-  [Nd(115A)|y(20A)]  at  1.5K.  In  this  sam- 
ple with  a greater  relative  amount  of  Nd  there  is  only 
a weak  magnetic  peak  at  (003). 


two  of  the  superlattices.  As  shown  in  figure  6(a) 
the  superlattice  [Nd(77A)|Y(21  A)]  exhibits  a 
strong  (003)  antiferromagnetic  refiection  at  1.5K 
that  is  not  found  in  bulk  Nd.  The  inconunen- 
surate  ordering  of  the  hexagonal  and  cubic  sites 
is  also  observed,  with  split  peaks  as  in  bulk  Nd. 
Data  for  the  superlattice  [Nd(115 A)|Y(20 A)], 
which  has  a larger  fraction  of  Nd,  are  shown  in 
6(b).  Now  the  antiferromagnetic  type  ordering 
is  almost  completely  suppressed,  and  the  mag- 
netic ordering  is  very  nearly  bulk-like,  except 
that  the  incommensurate  peaks  are  not  split. 
Peak  widths  have  been  used  to  extract  the  co- 
herence lengths  of  the  magnetic  ordering,  giving 
300  A in  the  basal  plane  for  the  (003)  antiferro- 
magnetic ordering,  and  more  than  100  A in  the 
basal  plane  for  the  incommensurate  ordering. 
The  magnetic  coherence  along  the  growth  axis  is 
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generaUy  confined  to  individual  Nd  blocks,  with 
only  the  two  superlattices  with  the  thinnest  Y 
layers  exhibiting  any  signs  of  interlayer  coupling. 
We  note  that  the  absence  of  long-range  magnetic 
order  along  the  c-axis  contrasts  sharply  with  the 
behavior  of  heavy  rare  earth  superlattices. 

Finally,  the  ordering  temperatures  for  the 
hexagonal  sites  have  been  shown  to  be  enhanced 
by  > 40%  relative  to  the  bulk  value.  Previous 
studies  of  Nd/Y  alloys  have  reported  shifts  of  the 
signature  magnetization  temperatures  as  the  al- 
loy structure  progresses  from  dhcp  for  small  rela- 
tive amoimts  of  Y to  the  hep  structure  for  large 
amounts  of  Y.  Off-axis  (10^)  x-ray  diffraction 
scans  for  the  superlattices  indicate  that  they  are 
primarily  dhcp,  suggesting  that  the  substantial 
changes  observed  in  the  magnetic  structinre  as 
the  relative  Eunount  of  Nd  to  Y is  changed  are 
likely  caused  by  epitaxial  strain  and  not  a modi- 
fied close-packed  structure  within  the  Nd  layers. 
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Crystallography 


Routine  operation  of  the  32  detector  pow- 
der diflEractometer  at  BT-1  continued  through 
the  period  during  which  the  reactor  was  in  op- 
eration. In  eight  months  500  data  sets  were  col- 
lected on  more  than  200  different  materials,  even 
while  the  instrument  was  under  occasional  test- 
ing. In  addition  to  the  determination  and  re- 
finement of  crystal  structures,  the  power  of  the 
instrument  as  a tool  for  phase  analysis  was  fur- 
ther demonstrated.  In  this  section  we  present 
some  of  the  highlights  of  these  extensive  efforts. 

Phase  Analysis 

• Zr02  Powders 

Yttria-stabilized  Zr02  powders  are  of  tech- 
nological importance  as  ceramic  thermal  barrier 
coatings.  Zr02  occurs  in  nature  as  the  mon- 
oclinic mineral  baddeleyite;  additions  of  small 
amoimts  of  yttria  (Y2O3)  stabilize  both  a tetrag- 
onal and  a cubic  phase.  Since  feedstock  pow- 
ders containing  greater  than  5%  of  the  mono- 
clinic phEise  are  not  desirable  due  to  cracking  of 
the  coatings,  it  is  important  that  an  accurate 
method  of  determining  phase  fractions  be  avail- 
able. 

Samples  of  feedstock  powders  were  ana- 
l3T5ed  using  the  program  GSAS  for  multiphase 
Rietveld  refinement  on  neutron  data  collected 
using  the  Cu311  monochromator.  Neutrons  pro- 
vide a significant  advantage  over  x-rays  in  this 
case,  owing  to  the  greater  range  of  available 
data,  the  relatively  increased  sensitivity  to  oxy- 
gen scattering,  and  the  synunetric  line  shape. 
It  is  necessaiy  to  refine  the  complete  crystal 
structures  in  all  cases,  as  varying  amounts  of 
yttria  substitution  result  in  changes  in  atomic 
positions  and  lattice  parameters  in  the  three 
phases.  Additionally,  the  line  shapes  of  the  three 
phases  also  change  depending  upon  composition 
and  processing  parameters.  A portion  of  the 
diffraction  pattern  of  sample  P is  given  in  fig- 
ure 1,  showing  the  three  individual  contribu- 
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Figure  1.  A portion  of  the  neutron  powder  diffrac- 
tion pattern  of  sample  P,  showing  contributions  from 
the  three  constituent  Zr02  phases. 

tions  to  the  overall  pattern.  Table  1 gives  the 
results  of  the  phase  analyses,  along  with  those 
reported  from  traditional  x-ray  techniques.  It 
can  be  seen  that  the  monocUnic  and  tetrago- 
nal fractions  have  been  systematically  underesti- 
mated using  x-ray  methods,  while  the  cubic  frac- 
tion is  overestimated.  Encouraging  fast  results 
were  also  obtained  on  actual  ceramic  coatings 
deposited  under  different  chemical  and  temper- 
ature conditions. 

Crystal  Structures 

• Intermetallic  Compounds  ZrIr  and 
ZrRh 

The  compoimds  ZrIr  and  ZrRh  possess 
ordered  B2-type  structures  (CsCl-type,  space 
group  PmSm)  at  high  temperature,  and  both 
compounds  transform  martensitically.  A shape 
memory  effect  was  reported  to  occur  in  ZrRh 
in  the  approximate  temperature  range  570  — 
680  °C,  and  was  predicted  but  not  observed  for 
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Tkble  1.  Phase  Composition  of  Yttria  Stabilized  Zr02  Powders 
Sample  % cubic  % tetragonal  % monoclinic 


Neutron 

X-ray 

Neutron 

X-ray 

Neutron 

X-ray 

p 

12 

37-40 

54 

40-37 

34 

22 

M 

59 

85 

20 

0 

21 

15 

A 

20 

45-50 

80 

55-50 

0 

0 

F 

26 

50 

74 

50 

0 

0 

H 

52 

78-79 

12 

0 

36 

21-22 

J 

12 

53-54 

77 

41-42 

11 

4-5 

Zrir.  The  x-ray  powder  diffi'action  patterns  pro- 
duced by  the  low-temperature  martensitic  forms 
of  these  two  compoimds  are  virtually  identical, 
with  very  broad  diflEraction  lines,  but  the  struc- 
ture itself  has  not  previously  been  carefully  stud- 
ied. A NiTi-type  structure  has  been  proposed, 
but  this  lattice  does  not  adequately  index  the 
observed  powder  patterns. 

High-resolution  neutron  powder  diflEraction 
data  were  obtained  at  room  temperature  on 
cast,  annealed  rods  of  both  materials  using  the 
Cu220  monochromator  (A  = 1.5567  A).  Both 
patterns  again  exhibited  very  broad  diflErac- 
tion lines,  but  using  limited  transmission  elec- 
tron microscopy  (TEM)  data,  cell  volume  re- 
strictions, and  the  program  TREOR  it  was 
possible  to  index  the  pattern  for  ZrIr  based 
upon  a doubled  NiTi-type  cell  (monoclinic,  a = 
3.370,  b = 4.398,  c = 9.943  A;  /?  = 99.r). 
Rietveld  refinement  starting  with  a model  based 
upon  this  doubled  NiTi-type  structure  (sp2w:e 
group  P2i/m)  converged  to  a solution  with  or- 
thorhombic symmetry,  and  refinement  of  the 
Zrir  structure  was  completed  in  the  orthorhom- 
bic space  group  Cmcm  (a  = 3.369,  b = 19.60, 
c = 4.397  A).  The  resulting  atomic  positions 
also  gave  good  agreement  with  the  observed  x- 
ray  data,  and  similar  results  were  obtained  for 
the  neutron  and  x-ray  patterns  of  ZrRh. 

This  new  structme  type  can  be  described  £is 
a derivative  of  the  B2  type  structure  (figure  2), 
in  which  strain  built  up  by  the  large  size  of  the 
Zr  atoms  is  relieved  sifter  four  layers  by  a trans- 
lation parallel  to  the  a axis.  For  Zrir,  the  TEM 
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Figure  2.  Derivation  of  the  Zrir-type  structure  from 
the  B2  type.  The  large  circles  represent  Zr  atoms  and 
the  small  circles  represent  Ir  atoms;  black  circles  are 
displaced  1/2  unit  cell  in  the  c direction.  The  block 
of  four  layers  perpendicular  to  the  b axis  shifts  one 
layer  along  the  direction  of  the  a axis. 


results  agree  well  with  the  structure  proposed 
from  the  neutron  data.  One  sample  of  ZrRh, 
however,  exhibited  a modulation  in  the  struc- 
ture parallel  to  the  orthorhombic  b axis  with 
a period  of  approximately  60  A.  It  is  conceiv- 
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able  that  the  structure  determined  from  powder 
data  provides  only  an  average  structure  for  these 
materials,  with  large  local  variations  possible. 
This  hypothesis  is  somewhat  supported  by  the 
extremely  broad  powder  diflEraccion  lines,  which 
are  not  sharpened  by  annealing.  Further  TEM 
studies  on  ZrRh  are  in  progress. 

• Cation  Siting  Determination  in  CaLSX 

Low  silica  X (LSX)  zeolite  is  the  Al-rich  end- 
member  of  the  faujasite  zeolite  family  with  a 
Si:Al  ratio  of  1.0  and  thus  has  the  highest  possi- 
ble density  of  cation  sites.  The  faujasite  family 
of  molecular  sieves  are  used  for  a variety  of  in- 
dustrial processes,  including  catalysis  and  sep- 
aration technologies.  Understanding  these  pro- 
cesses requires  det£iiled  knowledge  of  the  zeolite 
framework  topology  and,  particularly,  the  siting 
of  the  charge-compensating  cations. 

Diffraction  data  for  dehydrated  CaLSX 
were  collected  at  room  temperature  using  syn- 
chrotron x-ray  radiation  at  the  X7a  beamline 
at  the  NSLS  and  using  CW  neutrons  using  the 
32-detector  BT-1  diflEractometer  at  NIST.  The 
crystal  structure  was  refined  using  the  Rietveld 
method  in  cubic  space  group  FdZ  in  a combined 
x-ray /neutron  refinement  using  the  GSAS  soft- 
ware package.  The  majority  of  the  Ca  is  found 
in  site  I,  a six-coordinate  site  at  the  center  of 
the  hexagonal  prism  and  at  site  II,  a three- 
coordinate  site  in  the  plane  of  the  six-ring  on 
the  wall  of  the  supercage.  If  these  two  sites  were 
fully  occupied,  this  would  account  for  the  stoi- 
chiometric amount  of  Ca.  However,  the  occu- 
p2incy  of  each  site  is  below  unity.  About  10%  of 
the  Ca  is  found  in  site  I',  a three-coordinate  site 
in  the  face  of  the  hexagonal  prism. 

It  is  useful  to  contrast  the  information  pro- 
vided by  e2w:h  dataset  to  the  CaLSX  struc- 
ture. As  expected,  a refinement  using  the  x-ray 
dataset  alone  provided  significant  detail  of  the 
Ca  siting,  to  the  extent  of  demonstrating  signif- 
icant anisotropic  thermal  parameters  for  Ca  in 
site  II.  However,  the  x-ray  only  refinement  was 
insensitive  to  the  zeolite  framework  and  bond- 
length  constraints  were  needed  to  prevent  diver- 


gence or  oscillation.  In  contrast,  the  neutron- 
only  refinement  was  more  sensitive  to  the  frame- 
work structure,  but  was  less  conclusive  with  re- 
spect to  Ca  siting.  In  both  cases,  significant  cor- 
relation was  noted  between  background  param- 
eters, thermal  parameters  and  cation  occupan- 
cies. In  both  refinements,  extensive  restraints 
on  backgroimd  or  thermal  parameters  were  re- 
quired to  obtain  a model  that  refined  in  a sta- 
ble manner.  In  the  combined  refinement,  it  was 
possible  to  refine  background,  thermal  param- 
eters and  occupancies  without  any  constraints. 
A single  constraint  was  added  in  the  final  stages 
of  refinement  on  the  total  amount  of  Ca  present 
to  ensure  that  the  model  was  consistent  with  its 
chemical  composition.  This  work  demonstrates 
the  significant  advantages  that  can  be  obtained 
from  a joint  x-ray  and  neutron  refinement. 

• LaD2.25  and  TbD2.25 

Typically,  the  superstoichiometric  rare-earth 
metal  dihydrides  RH2-i-a;  possess  a nominal  fee 
metal- lattice  structure.  At  a;  = 0,  the  two 
tetrahedral  (i)  interstitial  sites  per  metal  atom 
are  occupied  by  hydrogen  to  form  a CaF2-like 
structure;  for  x > 0,  the  additional  hydrogen 
partially  occupies  the  octahedral  (o)  interstitial 
sites.  There  is  some  evidence  that  the  octahe- 
drally  coordinated  hydrogen  (Ho)  atoms  of  both 
light-  and  heavy-rare-earth  metal  hydrides  have 
similar  ordering  tendencies  near  x = 0.25.  For 
example,  neutron  powder  diflEraction  studies  of 
both  CeD2.26  and  the  superstoichiometric  heavy- 
rare-earth  dideuteride  /?-TbD2+a:  (0.095  < x < 
0.18)  have  reported  lA/mmm  symmetries,  in- 
dicating identically  ordered  Do-sublattice  struc- 
tures characterized  by  [0,0,1]^  and  [^1,0,^  ^ 
wavevectors.  (Cubic  indices  are  designated  by 
either  the  subscript  C or  no  subscript;  tetrago- 
nal indices  are  designated  by  the  subscript  T.) 
Moreover,  recent  first-principles  calculations  of 
hydrogen  ordering  in  /?-YH2-f-x  yielded  results 
that  indicated  that  the  I4/mmm  structure  is 
the  stable  configuration  near  x = 0.25.  A de- 
tailed neutron  powder  diffraction  study  was  un- 
dertaken to  help  clarify  whether  or  not  14/ mmm 
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ordering  in  the  octahedral  sublattice  is  indeed 
a general  phenomenon  for  superstoichiometric 
rare-earth  dihydrides  having  D(H)/metal  ratios 
near  2.25. 

Neutron  diffraction  measurements  were  per- 
formed between  15  and  400  K.  The  high- 
temp)erature  patterns  above  345  K could  be  com- 
pletely indexed  using  a cubic  cell  (Fm3m  sym- 
metry) with  ac  » 5.65  A,  in  accordance  with 
previous  LaH2+i  structural  studies.  The  La 
atoms  were  located  at  2a  (0,0,0),  Dt  atoms 
at  8c  (^,|,^),  and  D©  atoms  disordered  over 
the  sites  26  (^,0,0).  At  365K,  the  refinement 
with  this  model  gave  good  agreement  param- 
eters Rp  = 6.60%,  R^tjp  = 8.11%,  and  = 
1.45.  Below  345K,  some  peaks  showed  split- 
ting, and  additional  weak  superlattice  peaks  ap- 
peared. All  lines  readily  indexed  using  an  en- 
larged tetragonal  unit  cell  with  aj’  = ac  and 
ct  » 2ac.  This  low-temperature  tetragonal 
phase  possessed  M/mmm  symmetry  and  Do  or- 
dering similar  to  that  observed  for  CeD2.26  and 
TbD2+a:.  The  La  atoms,  located  at  (0,0,0)  in 
the  cubic  unit  cell,  were  split  into  the  positions 
La(l)  at  4e  (0,0,2)  and  La(2)  at  4c  (^,0,0); 
the  Do  atoms,  located  at  (^,0,0)  in  the  cubic 
cell,  were  split  into  D(ol)  at  2a  (0,0,0),  D(o2) 
at  2b  (^,  ^,  0),  and  D(o3)  at  4d  (5, 0,  ^);  and  fi- 
nally, the  Dt  atoms  were  located  at  the  D(i)  po- 
sition 16n  {x,x,z).  Refinement  of  the  15K  data 
yielded  lattice  constants  qt  = 5.6174(1)  and 
CT  = 11.3054(3)  with  0.5cT/a7’  = 1.00628(5); 
atomic  coordinates  2 = 0.2459(2)  for  La(l),  and 
X = 0.2593(2)  and  2 = 0.1267(2)  for  D(t);  and 
occupancy  parameters  n£)(oi)  ^ 1,  ^d(o2)  ^ 
0.06,  n£)(o3)  « 0,  and  n£)(t)  ^ 1*  The  rent- 
ing agreement  parameters  were  Rp  = 5.97%, 
R^  = 7.79%,  and  x^  = 1.40.  This  refinement 
model  also  gave  reasonable  structural  parame- 
ters, except  for  somewhat  large  temperature  fac- 
tors for  the  Do  atoms. 

The  L£iD2.25  structures  at  high  eind  low  tem- 
peratures are  illustrated  in  Figures  3 and  4.  Fig- 
ure 3 shows  the  unit  cell  representing  the  high- 
temperature  cubic  structure  with  randomly  oc- 
cupied o sites.  Figure  4 shows  the  doubled  unit 


Figure  3.  The  LaD2.25  structure  at  high  tempera- 
ture (space  group  Fm3m). 

cell  of  the  low-temperatme  ordered  structure. 
In  the  ideaUy  ordered  Do  sublattice,  all  D(ol) 
sites  are  occupied,  while  all  D(o2)  and  D(o3) 
sites  axe  vacant,  suggesting  that  the  Do  order- 
ing is  driven  by  a repulsive  interaction  between 
Do  atoms.  The  La  atoms  in  the  La(l)  sites  are 
shifted  in  the  c direction  toward  the  occupied 
D(ol)  sites.  The  tetrahedrally  coordinated  deu- 
terium (Dt)  atoms  are  shifted  away  from  the  cen- 
ter of  the  t sites.  The  net  effect  is  an  expansion 
of  the  cubes  of  eight  Dt  atoms  surrounding  the 
occupied  D(ol)  sites. 

The  La(l)  and  D(t)  site  displacements  and 
tetragonal  distortion  are  similar  to  those  re- 
ported for  CeD2.26-  Yet  the  TbD2+x  structure 
refinement  indicated  that  it  was  not  necessary 
to  introduce  an  additional  distortion  of  either 
the  Dt  or  Tb  sublattices  to  attain  good  agree- 
ment with  the  ordering  model.  Moreover,  the 
upper  limit  for  a possible  tetragonal  distortion 
was  found  to  be  cc/ac  < 1.001.  To  inves- 
tigate these  discrepancies,  the  neutron  powder 
diffraction  pattern  was  measured  for  TbD2.25  at 
70K  and  the  structure  was  refined  using  the 
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Figure  4.  The  LaD2.25  structure  at  low  temperature 
(space  group  lA/mmTn). 


same  procedures  as  for  LaD2.25-  Preliminaiy 
results  confirm  a slight  tetragonal  distortion 
(O.Sct’/ut’  = 1.00067(8),  with  ar  = 5.2196(1) 
and  ct  = 10.4462(5)),  as  well  as  significant 
distortions  of  the  Dt  and  Tb  sublattices.  For 
Tb(l)  at  4e  (0, 0,  z)  and  D(i)  at  16n  (x,x^z), 
model  refinement  indicated  z = 0.2465(2)  for 
Tb(l),  and  X = 0.2581(2)  and  z = 0.1266(2) 
for  D(f).  This  is  in  excellent  agreement  with  the 
LaD2.25  80K  values,  z = 0.2463(2)  for  La(l),  and 
X = 0.2591(2)  and  z = 0.1269(2)  for  D(t).  Thus, 


the  present  data  indicate  that  there  is  indeed 
total  agreement  among  the  structural  details  of 
the  La,  Ce,  and  Tb  deuterides  with  a D/metal 
stoichiometric  ratio  near  2.25.  The  tetragonal 
distortion  observed  for  all  of  these  compounds 
appears  to  accomodate  better  the  long-range- 
ordered  arrangement  of  Do  atoms. 

• Iron  Analogues  of  the  123-type  Struc- 
ture 

The  substitution  of  copper  by  other  metal 
species  in  the  structure  of  the  123  superconduc- 
tor, YBa2Cu306-fa;,  has  been  used  extensively 
to  investigate  the  correlation  between  the  modi- 
fications induced  in  the  structure  by  the  substi- 
tuting cations,  and  the  changes  in  the  supercon- 
ducting properties  of  the  resulting  materials. 

In  this  line  of  research,  the  nuclear  and  mag- 
netic structures  of  the  compound  YBa2Fe308-|.^, 
with  (5  w 0,  were  investigated  a few  years 
ago  in  this  laboratory,  and  subsequently  other 
related  materials  were  synthesized  and  char- 
acterized by  neutron  powder  diffraction  tech- 
niques. The  substitution  compound  of  formula 
(Yi_a;Caa;)Ba2Cu308-f5  (with  x=0.05,  0.10,  and 
0.20),  in  which  yttrium  is  partly  replaced  by  cal- 
cium, was  used  mainly  to  infiuence  the  saturated 
oxygen  content  in  a controlled  manner  (<5=0.09, 
0.07,  and  0.03  for  the  three  samples)  and  to 
determine  the  location  of  the  oxygen  atoms  in 
excess  of  the  08  stoichiometry.  The  results  of 
this  analysis  can  be  summarized  in  the  follow- 
ing way:  (i)  the  extra  oxygen  atoms  correspond- 
ing to  <5  > 0 are  located  on  the  Y / Ca  layer;  (ii) 
the  presence  of  these  atoms  produces  some  disor- 
der in  the  structure,  revealed  by  unusually  high 
thermal  factors  of  the  neighboring  oxygen  atoms 
of  the  (Fe02)  layers  located  below  and  above 
the  Y/Ca  layer;  (iii)  the  charge  compensation 
required  by  the  substitution  of  Y^"*"  by  Ca^'*'  is 
achieved  by  elimination  of  some  of  the  extra  oxy- 
gen, rather  than  oxidation  of  the  iron  atoms;  (iv) 
the  magnetic  structure  of  these  Ca-substituted 
compoimds  is  similar  to  that  of  YBa2Fe308-|-^; 
the  iron  moments  are  coupled  antiferromagnet- 
icaUy  within  each  (Fe02)  layer,  as  well  as  in 
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the  direction  perpendicular  to  these  planes  and 
have  values  ranging  from  <^>  = 3.50(3)/x^  to 
Z.62(2)^0  at  room  temperature. 

It  is  well  known  that  the  structure  of  the  123- 
type  is  generated  from  that  of  perovskite  by  the 
ordering  of  the  cations  and  Ba^"^ , which  re- 
sults in  the  tripling  of  the  c-axis  of  the  unit  cell, 
and  by  the  forming  of  oxygen  vacancies  in  the 
yttrium  layer  and,  in  the  case  of  YBa2Cu306+x, 
in  the  basal  plane  of  the  copper  atoms.  This 
process  is  driven  by  many  factors,  including  the 
relative  size  of  the  cations  involved  in  the  for- 
mation of  the  structure.  In  order  to  throw  some 
light  on  this  problem,  we  have  prepared  and  an- 
alyzed by  neutron  powder  diffraction  the  com- 
poirnds  RBa2Fe30g+^  with  R=La,  Nd,  Dy,  Er 
and  Y again,  in  which  the  ionic  radii  of  the  R 
cations  range  from  1.004  A for  Er^'*’  (VIII)  to 
1.36  A for  La^"*"  (XII).  The  results  of  these  stud- 
ies show  that  the  compounds  RBa2Fe308.|.5  with 
R = La  and  Nd  retain  the  structure  of  cubic 
perovskite  and  crystallize  with  the  synmietry  of 
space  group  Pm3m,  while  the  compounds  with 
R=Dy,  Er  and,  of  course  Y,  form  the  123- type 
structure  with  tripled  c-axis  and  space  group 
symmetry  P4/nmmi.  The  analysis  of  these  re- 
sults, and  in  particular  of  the  relationship  be- 
tween ionic  size  and  structural  type,  is  still  go- 
ing on  at  this  time.  In  addition,  the  La  and 
Nd  cubic  compounds  are  oxygen-deficient  per- 
ovskites,  while  the  Dy,  Er,  and  Y phases  have 
an  oxygen  stoichiometry  slightly  higher  than  Og. 
These  features  introduce  some  disordering  into 
the  corresponding  structures  which  further  com- 
plicates the  analysis  of  the  results. 

• Mercury  Compounds 

The  mercury  compounds  belonging  to 
the  homologous  series  HgBa2Can_iCun02n-i-2-i-5 
show  transition  temperatures  as  high  as  140 
K at  ambient  pressure  and  over  150  K un- 
der high  pressure.  These  compounds  are 
isomorphous  with  those  of  the  thallium  se- 
ries TlBa2Ca„_iCun02-|-3-5  and  their  structmes 
consist  of  blocks  of  layers  (Ba0)(Hg05)(Ba0), 
having  the  rock-salt  configuration,  interleaved 


with  perovskite-type  blocks  of  variable  thick- 
ness, such  as  (CUO2),  (Cu02)(Ca)(Cu02), 

(Cu02)(Ca)(Cu02)(Ca)(Cu02),  etc.  for  the 
first,  second,  third,  etc.  member  of  the  series, 
respectively.  The  compoimds  with  n = 1,  2,  3 
have  been  described  in  a previous  annual  report. 
The  structural  analysis  of  the  series  has  now 
been  completed  with  a Rietveld  study  of  the 
compoimds  Hg-1234  and  Hg-1245,  both  based 
on  neutron  powder  diffraction  data.  The  results 
of  these  studies,  combined  with  those  obtained 
previously,  can  be  summarized  in  the  following 
way:  (i)  the  oxygen  stoichiometry  of  each  com- 
pound depends  on  the  method  of  preparation 
and  the  heat  treatment  of  the  sample;  (ii)  in 
each  compound,  the  value  of  Tc  is  a function 
of  oxygen  stoichiometry.  More  specifically,  as  6 
increases,  Tc  at  first  increases,  reaches  a maxi- 
mum value  and  then  decreases;  (iii)  the  oxygen 
content  corresponding  to  the  maximum  value  of 
Tc  increases  with  n,  i.e.  with  the  thickness  of 
the  perovskite  block,  for  example,  the  maximum 
value  of  Tc  is  obtained  for  6 = 0.06  in  Hg-1201 
and  for  6 = 0.22  in  Hg-1212;  (iv)  the  maximum 
value  of  Tc  increases  with  n,  but  less  and  less 
rapidly  as  n increases;  (v)  the  presence  of  dop- 
ing mechanisms  other  than  that  provided  by  the 
oxygen  atoms  located  at  the  center  of  the  mer- 
cuiy  layers  is  possible.  So  far,  however,  none  of 
these  extra  defects  has  been  identified  and  char- 
acterized with  certainty. 

Structural  studies  have  also  been  carried 
out  on  the  compound  Hg2Ba2YCu208_5, 
belonging  to  the  homologous  series 
Hg2Ba2Rn-iCu„02„+2+6.  The  crystal  struc- 
ture of  the  prototype  yttrium  compound  is 
schematically  illustrated  in  figure  5.  From 
a structural  point  of  view,  the  main  dif- 
ference between  the  atomic  configuration 
of  the  members  of  this  series  and  that  of 
the  series  HgBa2Ca„_iCun02n+2+5  is  in 
the  thickness  of  the  rock-salt  type  block, 
which  is  now  made  of  four  layers  of  sequence 
(BaO)(HgO^)(HgO^)(BaO)  rather  than  by  the 
three  layer  block  (BaO)(Hg05)(BaO).  If  the 
oxygen  sites  of  the  layers  (HgO^)  were  fully 
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Figure  5.  Schematic  representation  of  the  structure 
of  Hg2Ba2YCu208-«.  For  clarity,  only  half  of  the 
c-axis  is  shown.  The  oxygen  atoms  of  the  (HgO^) 
layers  are  disordered  over  the  four  position  indicated 
in  the  figure. 


occupied  (5=1)  the  mercury  atoms  would  have 
sixfold  octahedal  coordination,  as  in  HgO,  with 
the  octahedra  in  each  block  sharing  edges.  In 
fact,  however,  20%-25%  of  the  oxygen  sites  are 
vacant  in  Hg2Ba2YCu208_5,  as  weU  as  in  the 
Ca-doped  material  Hg2Ba2Yo.6Cao.4Cu208_^, 
and  thus  some  of  the  mercury  atoms  may 
acquire  a fivefold  pyramidal  coordination. 
The  pure  yttrium  compoimd  is  an  insulator. 
Superconductivity,  however,  with  a maximum 
critical  temperature  of  45  K C2m  be  induced 
by  partially  replacing  yttrium  with  calcium. 
The  question  of  course  is  whether  structurally 
similar  compounds  with  even  higher  values  of 
the  critical  temperature  can  be  prepared,  and 
our  present  emphasis  in  this  field  of  research  is 
on  trying  to  synthesize  such  materials. 


Database  Activities 

• The  NIST  Crystal  and  Electron 
Diffraction  Data  Center 

The  NIST  Crystal  and  Electron  Difl^action 
Data  Center  is  concerned  with  the  collection, 
evaluation  and  dissemination  of  data  on  solid- 
state  materials.  The  data  center  maintains  a 
comprehensive  database  with  chemical,  phys- 
ical, and  crystallographic  information  on  all 
types  of  well-characterized  substances.  These 
materials  fall  into  the  following  categories:  in- 
organic, organic,  organometallic,  metals,  in- 
termetallics,  and  minerals.  During  this  year, 
the  master  database  has  been  significantly  aug- 
mented with  respect  to  all  categories  of  materi- 
als and  now  contains  approximately  215,000  en- 
tries. From  this  central  database,  two  distribu- 
tion databases  are  produced:  (1)  NIST  CRYS- 
TAL DATA  and  (2)  the  NIST/Sandia/ICDDD 
Electron  DiflPraction  Database. 

During  the  year,  the  1994  update  to  NIST 
Crystal  Data  and  a new  version  of  the  Elec- 
tron DiflEraction  Database  have  been  completed. 
These  databases  are  made  available  to  the  sci- 
entific commimity  through  computer  oriented 
modes  of  dissemination  including:  CD-ROM, 
scientific  instruments,  and  on-line  searching. 

In  addition  to  the  Database  products, 
a cross-index  for  the  Electron  Difihaction 
Database  (EDD)  has  been  prepared.  With  the 
index,  users  of  the  EDD  c£in  immediately  link 
an  EDD  entry  to  relevant  entries  in  the  Powder 
Diflfiaction  Pile.  This  new  index  will  be  made 
available  to  manufacturers  of  automated  Ana- 
lytical Electron  Microscopes  as  well  as  indepen- 
dent users  of  the  EDD.  Fortunately,  the  theory 
and  software  developed  to  generate  this  cross- 
index have  m£iny  other  applications.  Especially 
important,  from  the  materials  science  point  of 
view,  is  that  entries  on  crystalline  materials  in 
diverse  databases  can  be  uniquely  cross-indexed 
on  the  basis  of  their  lattices.  Thus  thermody- 
namic, phase  diagram,  and  crystallographic  data 
on  the  same  substance  can  be  reliably  extracted 
from  diflferent  scientific  databases.  In  poten- 
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tial  projects  under  consideration,  NIST  Crystal 
Data  would  serve  as  a hub  as  it  links  together 
entries  in  all  relevant  materials  databases. 
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Many  interesting  studies  have  been  per- 
formed on  the  NG-7  and  BT-7  reflectometers 
since  the  last  report  and  prior  to  the  reactor 
shutdown  at  the  end  of  May  1994.  Both  instru- 
ments were,  in  fact,  oversubscribed  by  approxi- 
mately a factor  of  two.  What  follows  are  some 
of  the  highlights  in  thin  film,  multilayer,  and  re- 
lated surface  eind  interface  research,  carried  out 
here  at  NIST  in  the  Reactor  Radiation  Division. 

Depositional  Interdiffusion  in  Ba 
Stearate  LB  Films 

Langmuir-Blodgett  (LB)  films  have  been  the 
subject  of  a considerable  research  effort  for  the 
last  decade  because  of  their  potential  use  as 
sensors,  microelectronic  devices,  dielectric  films, 
and  structural  templates.  Technological  devel- 
opment has  been  slower  than  anticipated,  due 
largely  to  the  observation  that  films  undergo  re- 
arrangement and  interdiffusion  both  during  de- 
position and  at  elevated  temperatures,  where  de- 
vices based  on  LB  technology  might  be  used  [1] . 

In  order  to  rmderstand  these  rearrangement 
processes  better,  we  have  employed  both  neu- 
tron and  x-ray  reflectivity  measurements  to 
characterize  Langmuir-Blodgett  films  deposited 
on  a hydrophobic  substrate.  Contrast  between 
neighboring  bilayers  was  obtained  in  the  neu- 
tron measmements  by  various  schemes  of  selec- 
tive deuteration  during  film  fabrication.  Mea- 
surements have  been  conducted  for  both  as- 
deposited  films  and  films  annealed  just  below 
the  melting  temperature.  We  report  here  our 
results  for  one  of  the  as-deposited  films.  A more 
detailed  publication  is  forthcoming  [2] . 

Figures  1 and  2 show  the  neutron  and  x- 
ray  reflectivity  data  of  an  LB  film  composed 
of  twenty  bilayers  of  barium  stearate,  with  the 
aliphatic  tails  of  every  odd  bilayer  deuterated. 
The  dashed  curves  are  the  simulated  reflectivity 
from  a “perfect”  film,  where  there  is  no  inter- 
diffusion between  monolayers,  where  eEich  hy- 
drophilic head  group  consists  entirely  of  bar- 


Figure  1.  Neutron  reflectivity  and  fits  for  as- 
deposited  film. 


Q.  (A'') 


Figure  2.  X-ray  reflectivity  and  fits  for  as-deposited 
film. 

ium  salts,  and  where  the  interfaces  are  perfectly 
smooth.  The  deviation  of  this  curve  from  the 
data  indicates  some  molecular  rearrangement 
upon  deposition.  We  have  fit  the  data  to  a model 
which  assumes  the  following:  (1)  some  degree  of 
interdiffusion  between  H and  D molecules,  as- 
sumed constant  over  the  film;  (2)  some  amount 
of  Ba^"*"  replaced  with  two  protons  in  the  hy- 
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Figure  3.  Reflectivity  profiles:  final  fit. 

drophilic  layers;  and  (3)  roughness  between  the 
layers.  In  addition,  the  overall  density  and  thick- 
nesses of  the  -CH2—  and  head  group  units  were 
allowed  to  vary.  The  best  fits  are  shown  in  the 
solid  lines  of  figure  1. 

Model  fitting  of  these  data  sets  shows  the  fol- 
lowing: (1)  The  bilayer  thickness  is  50.41±.02 
A,  consistent  with  an  untilted  aliphatic  tail. 
(2)  The  area  per  molecule  is  20.2  ± 0.1  A^, 
consistent  with  the  area  derived  from  pressure- 
area  isotherms  for  the  Langmuir  layer.  (3)  The 
hydrophilic  layer  consists  of  a mixture  of  Ba 
salts  and  undissociated  carboxylic  acid  groups. 
Its  stoichiometry  is  given  as  Bai_yH2y(COO)2, 
where  y = 0.45  ± 0.04.  (4)  Neighboring  bilay- 
ers are  30%  intermixed,  an  amount  too  large  to 
be  explained  solely  by  incomplete  transfer  coef- 
ficients during  growth. 

Real  space  scattering  density  profiles  corre- 
sponding to  the  best  fit  neutron  and  x-ray  re- 
fiectivity  data  are  shown  in  figure  3. 

Several  interdiflFusion  mechanisms  may  be  re- 
sponsible for  the  observed  rearrangements,  in- 
cluding bilayer  or  monolayer  folding  while  under 
water  or  single-molecule  self-diflFusion,  either  at 
the  miniscus  or  while  immersed  [2,3].  Further 
measurements  are  in  progress  to  help  distinguish 
these  mechanisms,  as  well  as  to  investigate  the 
diflFusion  at  elevated  temperatures. 


Neutron  Reflectivity  Studies  of  Sin- 
gle Lipid  Bilayers  Supported  on  Planar 
Substrates 

The  neutron  reflectivity  technique  is  well- 
suited  to  the  study  of  structural  changes  in 
lamellar  systems  such  as  lipid  monolayers,  bilay- 
ers or  multilayers  and  biological  membranes.  It 
is  important  to  be  able  to  measure  a single  lipid 
bilayer  in  aqueous  solution  since  it  represents  a 
working  model  for  a biological  membrane.  Pa- 
rameters of  interest  include  the  thickness  of  bi- 
layer and  its  individual  components,  penetration 
of  water  into  bilayer,  asymmetry  of  the  lipid  dis- 
tribution and  changes  in  membrane  properties 
due  to  interactions  with  small  ions,  peptides, 
proteins  and  other  lipids.  In  addition,  the  depth 
of  penetration  of  protein  amino  acid  side  chains 
and  small  molecules  which  interEict  with  the  bi- 
layer as  well  as  the  density  of  incorporation  of 
peptides  and  proteins  within  the  membrane  are 
important  parameters  since  membrane  proteins 
play  a crucial  role  in  biological  function. 

Neutron  reflectivity  has  been  used  to  probe 
the  structure  of  single  phosphatidylcholine  (PC) 
bilayers  adsorbed  onto  a planar  silicon  surfcice 
in  an  aqueous  environment  [1].  Fluctuations 
in  the  neutron  density  profiles  perpendicular  to 
the  Si/water  interface  were  determined  for  dif- 
ferent lipids  as  a function  of  the  hydrocarbon 
chain  length.  A novel  experimental  set-up  was 
implemented  to  decrease  the  incoherent  back- 
ground scattering,  thereby  extending  the  spec- 
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Figure  4.  Reflected  intensity  versus  Q for  a 
DPPC  bilayer  with  deutereated  hydrocarbon  chains 
in  silicon-matched  solvent.  The  solid  line  represents 
one  of  the  model-independent  fits. 
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Figure  5.  Scattering  length  density  profile  as  a func- 
tion of  distance  perpendicular  to  the  bilayer  corre- 
sponding to  the  fitted  line  in  figme  4. 

tral  range  and  increasing  the  resolution  of  the 
measurements.  For  PC  bilayers  in  D2O  and 
silicon-matched  (38%  D20/62%H20)  solvents, 
reflectivity  was  obtzdned  to  Q<0.3A“^,  which 
covered  up  to  seven  orders  of  magnitude  in  re- 
flected intensity.  The  lipids  were  studied  in  both 
the  gel  and  liquid  crystalline  phases  by  monitor- 
ing changes  in  the  density  profiles  as  a function 
of  temperature.  Contrast  variation  experiments 
were  used  to  aid  in  the  accurate  modeling  of  the 


scattering  data  and  to  pinpoint  the  presence  of 
water  aroimd  the  hydrophilic  head  groups. 

Scattering  length  density  profiles  were  ob- 
tained from  the  data  using  two  dififerent  fit- 
ting methods.  In  the  model-dependent  method, 
the  density  profiles  were  composed  of  histogram 
functions  based  on  the  theoretical  lipid  com- 
position whereas,  in  the  model-independent 
method,  the  density  profiles  were  composed 
of  randomly-generated  smooth  functions  repre- 
sented by  parametric  B- splines.  Figure  4 shows 
the  reflected  intensity  as  a function  of  Q for  a 
single  dipahni toy  1-phosphatidylcholine  (DPPC) 
bilayer  in  silicon-matched  solvent.  The  hydro- 
carbon chains  were  deuterated  in  order  to  en- 
hance their  scattering  density  with  respect  to 
the  lipid  head  groups  and  the  solvent.  The  solid 
line  represents  one  of  the  model-independent 
fits.  The  scattering  length  density  profile  corre- 
sponding to  the  fitted  line  is  illustrated  in  figure 
5.  The  first,  smaller  peak  represents  the  sihcon- 
oxide  layer  at  the  surface  of  the  substrate  and 
the  larger  peak  results  mainly  from  the  deuter- 
ated hydrocarbon  chains  which  have  a much 
higher  scattering  length  density  than  the  oxide 
layer  or  the  solvent. 
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Magnetic  Systems 

• Field  Dependence  of  the  Magnetic 
Coupling  Angle  in  a Fe25Co75/Mn  Su- 
perlattice 

As  demonstrated  in  multilayers  composed 
of  Fe/Cr  [1],  Co/Ru  [2]  and  similar  treinsition- 
metals  [3],  ferromagnetic  layers  tend  to  align 
parallel  or  antiparallel  across  nonmagnetic  lay- 
ers depending  in  an  oscillatory  manner  on  the 
interlayer  thickness.  Recent  experimental  stud- 
ies of  Fe/Cr  [4],  Fe/Al  [5],  and  Fe/Cu  [6]  sug- 
gest that  under  particular  conditions  the  inter- 
layer exchange  coupling  may  be  biquadratic  in 


44 


Surface  and  Interfacial  Studies 


nature  with  the  layer  moments  aligned  at  a 90° 
angle.  In  a formalism  [4]  developed  to  describe 
this  phenomena,  the  exchange  energy  includes 
contributions  from  the  usual  bilinear  coupling 
between  the  moments  in  adjacent  layers 
(TIj  and  712)  and  from  a biquadratic  coupling 
term 

E{<l>)  = ■ Th  - ■ Thf-  (1) 

Minimization  of  this  expression  suggests  that 
noncoUinear  spin  structures  with  coupling  an- 
gles ranging  from  0°  - 180°  may  be  stable  de- 
pending on  the  relative  sign  and  magnitude  of 
the  exchange  coefficients. 

Based  upon  preliminary  analysis  of  bulk 
magnetization  and  ferromagnetic  resonance 
(FMR)  data  [7],  our  collaborators  at  the 
Naval  Research  Laboratory  have  inferred  that 
Fe25Co75/Mn  multilayers  and  trilayers  exhibit 
a noncoUinear  magnetic  ordering  with  a cou- 
pUng  angle  near  90°  in  zero  field.  To  corrob- 
orate their  conclusions  and  determine  the  exact 
coupUng  angle,  we  have  extracted  the  depth- 
dependent  magnetization  for  a (100)  [Mn(1.3 
titti)|Fe25Co75(7.0  nm)]5  superlattice  using  po- 
larized neutron  refiectivity.  We  note  that  this 
superlattice  structure  was  grown  by  molecular 
beam  epitaxy  techniques  [7]  and  was  character- 
ized first  by  x-ray  refiectivity  to  verify  its  struc- 
tural integrity. 

We  performed  the  neutron  refiectivity  stud- 
ies on  the  BT-7  refiectometer  with  the  samples 
magnetized  in  fields  ranging  from  90  - 6500  Oe 
appUed  along  the  [001]  in-plane  axis.  A typi- 
cal neutron  scan  for  the  superlattice  in  a small 
field  of  90  Oe  is  shown  in  figure  6.  The  circles 
and  squares  correspond  to  the  (-h-f)  and  ( — ) 
non-spin  fiip  cross  sections  respectively,  and  the 
triangles  and  inverted  triangles  mark  the  (H — ) 
and  ( — h)  spin  fiip  cross  sections.  The  plus  and 
minus  subscripts  designate  the  indices  for  neu- 
trons polarized  paraUel  and  antiparaUel  to  the 
appUed  guide  field.  In  general,  the  non-spin 
fiip  cross  sections  are  sensitive  both  to  the  sam- 
ple structure  and  the  in-plane  component  of  the 
sample  moment  paraUel  to  the  field  direction. 


The  spin  fiip  cross  sections  measure  the  in-plane 
component  of  the  sample  moment  perpendicu- 
lar to  the  applied  field.  Measuring  all  four  spin 
states  one  can  obtain  a spatial  profile  of  the  dis- 
tribution of  structural  and  magnetic  scatterers 
through  the  sample  using  a model  based  upon 
the  one-dimensional  wave  equation  for  a strati- 
fied medium.  [8] 

Severed  features  in  figure  6 provide  quahta- 
tive  information  about  the  resultant  spin  struc- 
ture. A pronounced  peak  is  evident  in  the  spin 
fiip  data  at  Q « 0.039A~^.  Clearly  the  perpen- 
dicular component  of  the  moment  has  a period- 
icity of  16.5  nm,  which  is  twice  the  repeat  dis- 
tance of  the  superlattice  bilayer  (8.3  nm).  Sim- 
ilar features  are  apparent  in  the  non-spin  fiip 
cross  sections.  A simultaneous  fit  of  all  four 
data  sets  (solid  lines)  reveals  that  the  spins  in 
alternating  Fe25Co75  layers  are  separated  by  an 
angle  of  70°  ± 5°  (shown  schematically  in  Fig. 
6),  rather  than  the  expected  90°  coupling  angle. 
The  moments  in  the  layers  tend  to  align  parallel 
to  easy-axes  directions  because  of  the  compet- 
ing effects  of  anisotropy  and  interlayer  exchange 
coupling. 

In  a field  of  850  Oe,  neutron  refiectivity  data 
suggest  that  the  spins  retain  their  70°  coupling 
angle  between  adjacent  layers,  but  they  reori- 
ent symmetrically  about  the  applied  field  direc- 
tion. Upon  increasing  the  field  to  6500  Oe,  the 
coupling  angle  slowly  collapses  to  40°  ± 5°.  In 
agreement  with  bulk  magnetization  results,  we 
observe  that  the  saturation  field  exceeds  10,000 
Oe. 

While  the  evolution  of  the  spin  structme 
with  field  can  be  understood  in  terms  of  the  com- 
peting contributions  from  anisotropy,  exchange 
and  Zeeman  energies,  the  origin  of  the  70°  cou- 
pling angle  at  low  field  values  is  still  unclear. 
While  the  addition  of  a biquadratic  term  in  the 
exchange  term  (equation  1)  may  give  rise  to 
noncoUinear  structures,  the  magnetization  and 
FMR  data  are  better  described  by  a model  [9] 
which  includes  the  effects  of  interfacial  rough- 
ness on  the  ferromagnetic  Fe25Co75  and  antifer- 
romagnetic Mn  layers.  Further  polarized  neu- 
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Figure  6.  Polarized  neutron  reflectivity  of  a (100) 
[Mn(1.3  nm)|Fe25Co75(7.0  nm)]5  sujjerlattice  as  a 
function  of  wavevector  Q at  room  temperature  in 
a field  of  90  Oe.  The  (-t-f)  and  (- — ) non-spin  flip 
cross  sections  are  designated  by  circles  and  squares 
respectively  and  the  latter  is  vertically  offset  for  clar- 
ity. The  (H — ) and  ( — h)  spin  flip  cross  sections  are 
marked  by  upright  and  inverted  triangles,  and  these 
data  are  oflOset  from  the  non-spin  flip  data.  The  solid 
lines  represent  a fit  to  the  data.  The  schematic  shows 
the  coupling  angle  between  adjacent  layer  moments 
determined  from  the  fit. 


tron  reflectivity  studies  will  be  performed  on 
similar  trilayer  structures  to  probe  the  depen- 
dence of  the  coupling  angle  on  Mn  interlayer 
thickness,  interfacial  roughness  and  other  struc- 
tural parameters. 
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• Long  range  correlations  in 
MnTe/CdTe  systems 
The  system  of  MnTe/CdTe  superlattices  be- 
longs to  the  family  of  artificial  multilayered 
structures  composed  from  zinc-blende  (ZB)  II- 
VI  semiconducting  compounds  and  Mn  chalco- 
genides.  The  MnTe/CdTe  specimens  were  pre- 
pared using  ALE  for  the  growth  of  CdTe  lay- 
ers, allowing  the  preparation  of  good  quality  su- 
perlattices with  extremely  thin  (2-3  monolayers) 
CdTe  spacers,  and  much  thicker  MnTe  layers. 
Therefore,  the  non-magnetic  layer  thickness  be- 
comes sufficiently  thin  to  allow  observable  mag- 
netic interlayer  coupling  effects  which  had  not 
been  seen  previously  in  Mn-VI/Zn-VI  systems 
[1-3]  made  solely  by  MBE. 

Neutron  studies  were  performed  on  BT-2, 
BT-9  and  SPINS.  Different  families  of  magnetic 
reflections  were  observed  for  samples  with  the 
following  CdTeiMnTe  thickness  proportions  (in 
monolayers);  2:10,  3:11,  4:9,  5:13,  6:10,  8:10  and 
10:10.  The  number  of  bilayers  in  each  sample 
was  100. 

Scanning  Q-space  near  the  magnetic  peaks, 
parallel  to  the  growth  direction,  gave  two  very 
interesting  results:  (i)  very  narrow  peaks  of  the 
same  width  as  in  the  growth  plane  - essentially 
the  instrumental  resolution  - implying  magnetic 
correlation  across  the  non-magnetic  spacers  and 
(ii)  satellite  peaks  at  positions  corresponding  to 
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the  superlattice  periodicity.  These  verify  the  co- 
herence of  spin  ordering  in  consecutive  magnetic 
layers.  From  the  widths  of  the  peaks,  the  coher- 
ence range  is  of  the  order  of  5-10  bilayer  thick- 
nesses. However,  the  range  of  these  correlations 
appears  to  be  surprisingly  long:  the  first  sign 
of  their  deterioration  is  observed  only  when  the 
CdTe  thickness  becomes  as  large  as  10  monolay- 
ers (>  30  A),  i.e.,  several  times  thicker  than  the 
expected  range  of  superexchange  coupling. 

The  origin  of  the  magnetic  interlayer  cou- 
pling through  the  non-magnetic  barriers  is  un- 
known. Superexchange  is  an  unlikely  cause, 
since  it  decreases  too  rapidly  with  distance: 
J(R)  ^ CdTe  is  a wide  bandgap  semi- 

conductor, so  there  are  too  few  carriers  for  some 
RKKY-like  interaction  to  be  responsible  for  the 
correlations.  There  could  be  a weak  long-range 
component  in  the  spin-spin  interactions  in  the 
H-VI-based  magnetic  semiconductors  that  has 
not  been  detected  in  experiments  on  bulk  alloys 
because  of  the  overwhelming  contribution  from 
pairs  with  shorter  spin-spin  distances.  Alterna- 
tively, impiu-ities  are  an  interesting  possibility: 
magnetic  interactions  could  percolate  through  a 
chain  of  magnetic  impurities  in  the  CdTe  layers. 
(We  have  measured  3%  CdTe  in  the  MnTe  layers 
but  minimal  Mn  in  the  CdTe  layers.)  However, 
at  the  low  temperatures  of  these  measurements 
(12  K)  the  situation  would  be  of  two  magnetic 
layers  separated  by  a spin  glass.  If  this  were  the 
cause  of  the  coupling,  it  would  in  itself  be  an 
interesting  scenEirio. 

Attempts  to  model  the  samples  and  quanti- 
tative analyses  of  the  data  are  underway.  Both 
strain  and  layer  thickness  are  important  and  the 
thicknesses  of  the  magnetic  layers  are  not  the 
same  in  all  the  samples,  therefore,  these  should 
be  taken  into  account  in  a quantitative  analysis 
of  the  data.  Finite  size  effects  should  also  be 
considered.  Experiments  are  planned  with  sam- 
ples in  which  the  CdTe  layers  are  even  thicker,  in 
order  to  see  the  satellites  disappear  to  provide 
information  on  the  interlayer  coupling.  These 
studies  of  interlayer  coupling  effects  may  give  us 
new  insight  into  the  nature  of  weak  long-range 


magnetic  exchange  interactions  in  diluted  mag- 
netic semiconductors  based  on  II- VI  compounds. 

• Temperature  dependence  of  interlayer 
coupling 

As  mentioned  above,  previous  Mn-VI/Zn-VI 
systems  had  not  shown  evidence  of  interlayer 
coupling.  However,  the  studies  had  been  on 
samples  with  Zn-VI  thicknesses  ranging  from  17 
to  28  monolayers  [2].  In  this  study  the  inter- 
layer correlations  in  [(ZnTe)5|(MnTe)io]4oo  have 
been  investigated  by  neutron  diffraction.  The  5 
monolayers  of  ZnTe  correspond  to  a layer  thick- 
ness of  15  A,  comparable  to  the  non-magnetic 
layer  thicknesses  detailed  in  the  CdTe/ MnTe 
work  above. 

Diffraction  scans  along  the  z-axis  (growth 
axis)  revealed  satellite  peaks  indicating  inter- 
layer correlations.  More  importantly,  scans 
made  at  different  temperatures  indicated  a tem- 
perature dependence  of  these  correlations.  The 
relative  intensities  at  different  temperatures  are 
shown  in  figure  7.  At  low  temperature,  a zero- 
order  peak  (So)  is  seen  with  satellites  (Si  and 
S_i)  corresponding  to  the  superlattice  spins  be- 
ing in  phase  with  the  bulk  AF  structure  (see 
Fig.  8(a)).  In  addition,  there  is  indication  of 
two  more  satellites  (S1/2  and  S_i/2)  midway  be- 
tween the  central  magnetic  peak  position  and 
the  first  order  satellites.  As  the  sample  temper- 
ature is  raised,  the  intensities  of  the  zeroth  and 
first  order  peaks  decrease,  until  at  55  K only 
the  two  half-order  peaks  are  seen.  These  peaks 
can  be  obtained  using  a model  in  which  the  su- 
perlattice spins  are  out  of  phase  with  the  bulk 
structure  (see  Fig.  8(b)). 

This  is  the  first  known  evidence  of  a tem- 
perature dependent  term  in  the  interlayer  cou- 
pling. Bnmo  [4]  predicted  thermally  induced 
coupling  across  an  insulated  spacer  between  two 
ferromagnetic  layers.  These  data  may  be  an  ex- 
perimental demonstration  of  the  same  effect  for 
antiferromagnetic  layers. 
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Figure  7.  Diffraction  scans  along  the  z-direction 
in  Q-space  (the  growth  direction)  of  the  (0  1 1/2) 
magnetic  reflection  for  the  [(ZnTe)5|(MnTe)io]40o 
superlattice  at  diflFerent  sample  temperatures. 
For  clarity,  relative  intensities  are  shown  and 
the  plots  have  been  separated  along  the  verti- 
cal scale. 
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Anomalous  Critical  Scattering  in  Tb 
Recent  neutron  studies  of  the  two  magnetic 
correlation  lengths  in  Tb  carried  out  last  year  on 
the  NBSR  BT-7  reflectometer  showed  that  the 
scattering  intensity  from  the  anomalous  second 
length  scale  is  strongly  enhanced  over  a 200  ^m 
thick  region,  or  “skin”,  near  the  surface  of  the 
crystal.  These  studies  therefore  demonstrated 
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Figure  8.  Schematic  diagrams  showing  the  super- 
lattice spins  in  and  out  of  phase  with  the  bulk  AF 
structure  and  the  corresponding  calculated  diffrac- 
tion patterns.  The  superlattice  spins  are  shown  un- 
der the  bulk  spin  structure  and  the  gap  in  the  super- 
lattice structure  would  be  filled  by  the  nonmagnetic 
spacer  layers.  In  (a)  the  superlattice  spins  are  in 
phase  with  the  bulk  structure  and  the  correspond- 
ing diffraction  pattern  shows  a zero-order  peak  and 
satellites  at  S^-i  and  S_i  positions.  In  (b)  the  su- 
perlattice spins  are  out  of  phase  with  the  bulk 
structure  leading  to  S^.i/2  S_i/2  satellites 

but  no  zero-order  peak. 

that  the  second  length  scale,  which  has  been 
observed  in  SrTiOa,  RbCaFs,  KMnFa,  Ho,  and 
NpAs  and  several  other  systems,  is  not  a simple 
surface  effect  because  the  anomalous  scattering 
is  distributed  over  a macroscopic  distance  of  or- 
der of  100  /im,  and  not  just  one  or  two. 

A fundamental  question  that  remadns,  how- 
ever, is  whether  or  not  this  second  length  scale 
is  an  intrinsic  property  of  the  bulk.  Using  a 
new,  much  larger  cube-shaped  Tb  crystal,  we 
have  been  able  to  mask  the  scattered  neutron 
beam  such  that  contributions  to  the  total  inten- 
sity arising  from  the  skin  associated  with  each 
face  of  the  sample  never  reach  the  detector  [1]. 
Under  these  conditions  we  find  no  evidence  of 
the  second  length  scale.  Thus  the  anomalous 
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second  length  scale  is  not  an  intrinsic  property 
of  bulk  terbium.  This  result  is  exceedingly  im- 
portant from  a theoretical  point  of  view  inas- 
much as  the  anomalous  second  length  scale  has 
been  observed  in  such  a large  number  of  differ- 
ent condensed  matter  systems.  The  question  of 
whether  defects  near  the  crystal  surface  produce 
the  second  length  scale,  or  whether  it  is  an  in- 
trinsic effect  of  the  presence  of  a crystal  bound- 
ary, remains  open. 
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Polymer  Systems 

• Wetting  of  a Polymer  Brush  Coated 

Surface 

The  technological  motivation  for  studying 
tethered  polymer  systems,  so-called  polymer 
“brushes” , is  their  ability  to  modify  various  sur- 
face properties.  One  important  class  of  surface 
properties  is  that  of  wetting,  i.e.  the  interac- 
tion of  a heterogeneous  system  containing  two 
or  more  phases  with  a surface,  and  the  resulting 
equilibrium  configuration  of  the  various  phases 
near  the  surface.  One  of  the  more  interest- 
ing cases  of  equilibrium  wetting  behavior  occurs 
when  there  are  two  immiscible  phases  near  their 
de-mixing  critical  point.  In  this  type  of  system, 
the  very  strong  temperature  dependence  of  the 
thermodynamic  variables  which  govern  wetting 
results  in  a rich  variety  of  observed  wetting  phe- 
nomena and  surface  induced  phsise  transitions. 
Here,  we  highlight  some  recent  neutron  refiec- 
tivity  measurements  [1]  aimed  at  studying  the 
wetting  behavior  of  a critical  binary  liquid  mix- 
ture with  a polymer  brush  grafted  onto  a Si  sub- 
strate. Novel  wetting  behavior  has  been  recently 
predicted  [2]  for  this  class  of  system  since  there 
Eire  now  two  new  length  scales  in  the  problem  as- 
sociated with  the  brush  coated  wall:  the  brush 
height  /i,  and  the  mean  separation  between  chain 
grafting  sites  on  the  surface,  / where 

a is  the  grafting  number  density  of  the  brush. 

The  system  studied  was  a high  molecular 


weight  polystyrene  (PS)  chemically  end-grafted 
onto  a polished,  single-crystal  Si  substrate  by 
condensation  of  the  hydroxylated  trichlorosilane 
polymer  end  groups  with  the  hydroxyl  groups  on 
the  native  oxide  surface  of  the  Si  wafer.  This 
grafting  procedure  results  in  a uniform  poly- 
mer film  with  a moderately  high  grafting  den- 
sity where  the  PS  chains  are  strongly  stretched 
normal  to  the  substrate  surface.  This  type  of 
system  has  been  previously  studied  using  neu- 
tron reflectivity  [3]  in  a variety  of  single  solvents. 
In  athermal,  good  solvents  such  as  toluene,  the 
measured  brush  profile  is  found  to  be  well  de- 
scribed by  a parabola,  while  in  cyclohexane 
(CH)  which  is  a theta  solvent  in  the  measured 
temperature  range,  the  polymer  composition 
profile  is  more  compact  and  step-like.  Represen- 
tative data  from  reference  [3]  Eire  shown  in  fig- 
ure 9 for  the  PS  brush  in  CH  at  several  temper- 
atures in  the  vicinity  of  the  theta  temperature. 
The  shift  of  the  first  minima  in  the  reflectivity 
towEirds  higher  q as  the  temperature  is  decreased 
demonstrates  the  reduction  in  the  brush  height 
Eis  the  solvent  quality  is  reduced. 

For  these  measurements  the  polymer  solvent 
WEIS  a perdeuterated  mixture  of  cyclohexane  and 
methanol  (MeOH),  a poor  solvent  for  PS,  pre- 
pared near  its  critical  composition  of  0c  = 0-71. 
Precise  temperature  control  of  the  solvent  mix- 
ture in  the  scattering  cell  (better  than  ±20  mK) 
WEIS  maintained  due  to  the  strong  temperature 
dependence  of  the  composition  and  interfacial 
energy  between  the  two  coexisting  phases.  The 
meEisured  phase  separation  temperature  for  this 
system  is  Tc  = 47.87  ± .02  ®C.  We  measured  the 
neutron  reflectivity  as  a function  of  temperature 
both  above  Tc,  in  the  one  phase  region,  and  be- 
low Tc  where  the  CH-rich  and  MeOH-rich  phases 
coexist.  The  two-phase  measurements  were  re- 
peated with  the  brush  coated  substrate  located 
both  above  the  solvent  reservoir  in  contact  with 
the  less  dense  bulk  phEise,  and  below  the  sol- 
vent reservoir  in  contact  with  the  denser  bulk 
phase.  We  foimd  no  difference  in  the  scatter- 
ing in  the  two  orientations  suggesting  that  the 
polymer  surface  is  completely  wet  by  the  pre- 
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Figure  9.  Measured  reflectivity  for  a PS  brush  in 
d-cyclohexane  at  several  temperatures.  (From  refer- 
ence [3]) 

ferred  phase  and  is  therefore  not  in  contact  with 
the  adjacent  bulk  phase.  Results  are  shown  in 
figure  10.  Unlike  the  single  solvent  CH  measure- 
ments, we  found  tdmost  no  temperature  depen- 
dence to  the  brush  height  in  either  the  one-  or 
two-  phzise  region  of  the  solvent  mixture  phase 
diagram.  This  rather  surprising  result  suggests 
that  the  solvent  composition  near  the  brush  is 
continuously  “adjusted”  as  a function  of  temper- 
ature to  maintain  a constant  degree  of  swelling, 
disregarding  the  phase  transition  occurring  in 
the  adjacent  bulk  phase.  Further  experiments 
are  underway  to  study  the  brush  profile  at  dif- 
ferent solvent  compositions,  and  to  change  the 
isotopic  labeling  of  the  solvent  mixture  to  mon- 
itor the  fluid  composition  in  the  vicinity  of  the 
brush. 
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Figure  10.  Measured  reflectivity  for  a PS  brush 
in  a deuterated  mixture  of  cyclohexane/methanol  at 
several  temperatures.  The  top  two  profiles  were  mea- 
sured at  temperatures  in  the  one  phase  region,  and 
the  lower  five  profiles  were  measured  below  Tc,  in  the 
two  phase  region. 
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• Characterizing  the  Structure  of  a Bi- 
modcd  Polymer  Brush 
The  aim  of  this  study  is  to  characterize  the 
structure  of  a tethered  chain  layer  or  “polymer 
brush”  which  is  composed  of  two  tethered  chains 
of  different  molecular  weight.  Polymer  brushes 
are  useful  to  stabilize  colloidal  dispersions,  en- 
hance adhesion  between  a Polymeric  matrix  and 
a solid,  and  to  control  the  domain  size  in  incom- 
patible polymer  blends.  Two  primary  motiva- 
tions for  examining  bimodal  brushes  are  i)  to 
explore  the  possibility  of  tailoring  the  segmen- 
tal profile  in  order  to  enhance  properties  beyond 
what  can  be  achieved  with  a layer  composed  of  a 
single  molecular  weight  chain,  and  ii)  to  progress 
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toward  understanding  polydisperse  brushes.  In 
the  present  case  the  tethered  chain  layer  is  a 
diblock  copolymer  monolayer  where  one  block 
(d-PS)  is  submerged  in  the  subphase  (ethyl  ben- 
zoate) while  the  second  block  (PDMS)  anchors 
the  copolymer  to  the  surface.  We  have  previ- 
ously reported  similar  reflectivity  studies  involv- 
ing monolayers  composed  of  a single  molecular 
weight  copolymer.  [1] 

In  this  work  we  have  examined  tethered 
layers  composed  of  the  following  combinations 
of  PDMS-PS  diblock  copolymers:  11-66/20- 
170,11-66/28-330,  and  4-30/20-338.  In  each 
case,  the  two  copolymer  samples  were  dissolved 
at  low  concentration  at  a 50/50  molar  ratio  in  a 
common  solvent  (chloroform)  which  also  served 
as  a spreading  solvent.  The  mixed  copolymer 
monolayer  was  then  spread  on  the  surface  of 
ethyl  benzoate  in  a Langmuir  trough  using  a mi- 
crosyringe. Neutron  reflectivity  me2isurements 
were  performed  at  low,  medium,  eind  high  sur- 
face concentrations  for  each  mixture.  The  sur- 
face pressure  was  measured  simultaneous  with 
the  reflectivity.  Sample  reflectivity  data  are 
shown  in  flgiure  11,  along  with  preliminary  flts 
involving  a model  profile  composed  of  the  siun 
of  two  parabolas.  These  data  will  be  compared 
to  the  Monte  Carlo  results  of  Chakrabarti  and 
Toral  [2]  and  the  self-consistent  field  calculations 
of  Milner  et  al.  [3] 
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• Neutron  Reflection  Studies  of  Swelling 
of  Chemically  End-Grafted  Polymer 
Chains 

The  unique  properties  of  tethered  poly- 
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Figure  11.  Reflectivity  data  for  the  11-66/20-170 
copolymer  mixture  at  surface  pressures  of  0.4  (x),  0.7 
(),  3.3  (-1-),  6.3  (o)  dyne/cm.  The  curves  through  the 
data  are  best  fits  using  a profile  composed  of  the  sum 
of  two  p)arabolas.  For  clarity,  the  reflectivity  data  are 
divided  by  the  calculated  Fresnel  reflectivity  for  the 
pure  solvent  surface. 

mer  chains  ( “brushes” ) £ire  important  for  many 
applications  including  the  modification  of  in- 
terfacial properties  and  colloid  stabilization, 
and  continues  to  be  the  subject  of  many 
theoretical,  experimental  and  simulation  stud- 
ies. We  have  used  neutron  reflection  to  com- 
pare the  swelling  of  two  chemically  end-grafted 
polystyrene  brushes,  one  deuterated  (dPS)  and 
one  protonated  (PS),  having  different  grafting 
densities  exposed  to  a theta  solvent  cyclohexane 
and  compared  it  to  the  extremes  of  a good  sol- 
vent toluene  and  to  the  dry  brush  in  air  [1]. 

Neutron  reflectivity  measurements  were  per- 
formed on  the  NG-7  reflectometer  at  NIST.  Fig- 
ure 12  shows  some  of  the  reflectivity  data  that 
was  taken  at  several  temperatures  in  the  vicin- 
ity of  the  theta-temperature  {9  w 30  °C)  of  dPS 
in  cyclohexane,  and  a measurement  in  the  good 
solvent  toluene  as  well.  Similar  results  were  ob- 
tained on  the  lower  grafting  density  PS  brush 
as  well  [2].  The  brush  height  can  be  estimated 
from  the  raw  data  A ~ 27r  /g*,  where  g*  is  the 
first  minimum  in  the  reflectivity  oscillations  cor- 
rected for  refraction  effects.  By  tracking  the 
q*  values  at  different  temperatmes,  one  can  in- 
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fer  that  the  brush  height  increases  with  increas- 
ing temperature  or  solvent  quality.  The  relative 
swelling  can  be  quantified  by  taking  the  ratio 
of  /i  to  h^.  The  stretching  is  then  normalized 
by  the  chain  length  and  therefore  differences  in 
chain  lengths  become  relatively  unimportant  so 
that  the  difference  of  grafting  density  between 
the  brushes  becomes  the  most  important  factor. 
We  observe  [1]  that  the  swelling  range  oih/he  is 
considerably  smaller  for  the  higher  density  brush 
and  falls  within  the  range  defined  by  the  lower 
density  brush.  This  seems  to  suggest  that  the 
packing  effects  in  higher  grafting  density  brushes 
give  rise  to  very  strong  excluded  volume  interfer- 
ences. For  the  lower  grafting  density  the  fluctu- 
ation effects  are  larger  so  changing  solvent  qual- 
ity can  have  a larger  effect.  As  mentioned  in 
a previous  paper  [2]  this  swelling  resembles  the 
swelling  of  a network  [3]  more  than  a polymer  in 
solution.  In  lightly  cross-linked  gels  the  extent 
of  swelling  becomes  diminished  and  the  temper- 
ature dependence  of  the  swelling  likewise  be- 
comes weaker  with  an  increase  in  the  cross-link 
density.  In  each  case  the  increase  of  the  elas- 
tic forces  associated  with  the  boimd  chain-end 
constraints  increases  the  free-energy  cost  of  de- 
forming the  chains.  These  observations  suggests 
that  brushes  may  be  viewed  as  an  8misotropic 
variety  of  gel  and  we  plan  to  further  pursue  the 
implications  of  this  analogy  in  the  future. 
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• Selective  Solvent  Effects  on  Block 
Copolymer  Films 

Ordered  films  of  symmetric,  / = 0.5. , 
poly(styTene  —6  — 2-vinyl  pyridine)  (PS-PVP) 
block  copolymer  on  silicon  substrates  have  been 
exposed  to  methanol  emd  examined  using  neu- 
tron reflectivity.  In  the  dry  state,  these  films 


Figure  12.  Neutron  reflectivity  from  the  dPS 
{Mw  = 85  fc)  brush  in  cyclohexane  (CH)  at  differ- 
ent temperatures  and  in  toluene.  The  diagonal  line 
tracks  the  values  at  different  CH  temperatures 
thus  clearly  showing  that  the  brush  height  increases 
with  increasing  temperature  or  solvent  quality. 

form  alternating  lameUar  PS  and  PVP  do- 
mains aligned  parallel  to  the  substrate  surface. 
Methanol  is  a preferential  solvent  for  PVP;  con- 
sequently, it  tends  to  segregate  more  to  the 
PVP  domains  in  the  film.  When  the  dry  film 
is  exposed  to  methanol,  considerable  swelling 
of  the  film  occurs  and  the  reflectivity  curve  for 
the  swollen  film  shows  dramatic  differences  from 
that  for  the  dry  film.  Above  about  40  K molecu- 
lar weight  of  the  diblock,  the  swelling  (at  ambi- 
ent temperatures)  is  reversible  in  that  the  initial 
diy  reflectivity  profile  of  the  film  is  recovered  af- 
ter the  solvent  is  allowed  to  evaporate  from  the 
film.  The  films  achieve  equilibrium  swelling  rel- 
atively rapidly  (on  the  time  scale  of  several  min- 
utes for  a film  that  is  about  1000  A thick),  where 
equihbrium  is  defined  in  the  sense  that  no  fur- 
ther noticeable  changes  occur  in  the  swollen  film 
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reflectivity  proflle  over  a period  of  about  5 hrs. 
Furthermore,  after  initial  exposure  to  solvent 
and  subsequent  drying,  the  films  shrink  slightly 
(a  few  percent)  compared  to  the  initial  dry  thick- 
ness. This  decrease  in  film  thickness  has  been 
attributed  to  a solvent-induced  annealing  of  the 
film  when  the  presence  of  solvent  releases  some 
of  the  degrees  of  freedom  associated  with  chain 
motion.  Preliminary  results  indicate  that  the  lo- 
cal degree  of  swelling  of  the  film  increases  with 
the  distance  from  the  substrate,  at  least  for  the 
first  several  microstructure  periods.  The  overall 
structure  remains  approximately  lamellar. 

• Observed  Frustration  in  Confined 
Block  Copolymers 

Typically,  copolymer  films  are  prepared  on  a 
solid  substrate  leaving  the  polymer  surface  im- 
constrained.  At  equilibrium,  the  total  film  thick- 
ness at  any  point  has  been  shown  to  be  given 
by  nLo,  if  the  segments  of  one  block  segregate 
preferentially  to  both  the  air  and  substrate  inter- 
faces [1,2,3],  or  by  (n-|-l/2)Lo,  if  one  block  seg- 
regates to  the  substrate  interface  and  the  other 
to  the  free  surface  [4].  Here,  n is  an  integer.  If 
the  initial  film  thickness,  t,  does  not  conform 
to  this  condition,  then  this  constraint  is  met  by 
the  formation  of  steps  on  the  free  surface  with  a 
height  of  Lo  and  a surface  coverage  commensu- 
rate with  the  relation  of  t to  nlo  or  (n-fl/2)Lo, 
respectively.  In  this  work  the  first  experimen- 
tal studies  on  thin  films  of  diblock  copolymers 
confined  between  two  flat  rigid  surfaces  are  re- 
ported. Replacing  the  free  surface  with  another 
solid  surface  suppresses  the  surface  topography 
and  eliminates  this  route  for  meeting  the  thick- 
ness constraint.  Consequently,  the  copolymer 
is  forced  from  its  bulk  equilibriiun  morphology 
into  a frustrated  state. 

The  systems  imder  consideration  are 
thin  films  of  a symmetric  diblock  copoly- 
mer of  perdeuterated  polystyrene,  d-PS,  and 
poly  (methyl  methacrylate),  PMMA,  denoted 
P(d-S-b-MMA),  with  a weight  average  molecu- 
lar weight,  Mty,  of  8.0  x 10"*,  a polydispersity  of 
1.04  and  a d-PS  volume  fraction  of  0.51.  In  the 


bulk  this  copolymer  microphase  separates  into 
lamellar  microdomains  with  Lq  of  300  A.  Speci- 
mens were  prepared  by  spin  coating  solutions  of 
P(d-S-b-MMA)  in  toluene  onto  5 cm  diameter 
(5  mm  thick),  polished  Si  substrates  passivated 
by  a 15-20  A surface  oxide  layer.  Different  film 
thicknesses  of  P(d-S-b-MMA)  were  attained 
by  altering  the  spinning  speed  and/or  the 
solution  concentration.  Film  thicknesses  were 
measured  by  both  x-ray  reflectivity  and  optical 
ellipsometry  prior  to  subsequent  treatment. 
Conservatively,  the  film  thickness  could  be 
determined  with  an  accuracy  of  ± 30  A.  An  ~ 
100  A layer  of  high  molecular  weight  PMMA 
(Mu;  c:il.3  X 10®)  was  transferred  onto  the 
surface  of  the  copolymer  films  to  act  as  a buffer 
layer.  A 1.2 //m  thick  film  of  SiOa;  (x~1.4)  was 
then  evaporated  onto  the  PMMA.  Care  was 
taken  to  keep  the  temperature  of  the  copolymer 
well  below  its  glass  transition  temperature  by 
evaporating  the  SiOx  rapidly  at  200  A/s.  Prior 
to  the  neutron  reflectivity  experiments,  the 
samples  were  heated  to  175  °C  under  vacuum  for 
26  hrs  and  then  quenched  to  room  temperature, 
i.e.,  below  the  glass  transition  temperatures  of 
both  blocks,  thereby  freezing  in  the  structure 
at  the  elevated  temperature.  The  neutron 
reflectivity  measurements  were  performed  on 
the  IBM/UMINN/NTST  reflectometer  NG-7  in 
the  reactor  guide  hall  at  NIST  [6].  The  use 
of  the  PMMA  buffer  layer  was  critical  since 
the  direct  evaporation  of  the  oxide  onto  the 
copolymer  surface  interfered  with  the  ordering 
process.  Independent  neutron  reflectivity 
measurements  were  made  on  confined  films  of  a 
perdeuterated  copolymer  of  comparable  molec- 
ular weight  with  an  overlayer  of  the  PMMA 
homopolymer,  prepared  in  the  same  manner 
as  described  above.  The  studies  demonstrated 
that  interdiffusion  between  the  copolymer  and 
homopolymer  did  not  occur  to  any  appreciable 
extent.  In  addition,  the  absence  of  off-specular 
scattering  in  these  experiments  showed  that  the 
formation  of  islands  or  holes  on  the  free  surface 
was  prevented  by  the  PMMA/SiOa;  overlayer. 
Since  PMMA  preferentially  interacts  with  both 
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the  substrate  and  overlayer  interfaces,  this 
preparation  leads  to  a copolymer  being  confined 
between  two  solid  surfaces  where  one  block 
segregates  preferentially  to  both  interfaces. 

Shown  in  figure  13  are  typical  neutron  refiec- 
tivity  profiles  for  P(d-S-b-MMA)  as  a function 
of  the  neutron  momentiun  normal  to  the  sur- 
face, kz.o(=2  n/XsmOy  where  is  the  wavelength 
(4.1  A)  and  6 is  the  grazing  angle  of  incidence). 
The  film  thickness  are  normalized  as  t/Lo-  In 
all  cases,  multiple  order  odd  refiections  are  seen 
regardless  of  the  film  thickness,  indicating  that 
a multilayered  structure  oriented  parallel  to  the 
film  surface  is  always  foimd.  This  is  supported 
by  the  absence  of  any  appreciable  off-specular 
scattering.  This  suggests  that  a loss  in  the  ori- 
entation of  the  lamellar  microdomains  parallel 
to  the  surface  does  not  occur  to  relieve  the  film 
thickness  constraint.  Moreover,  the  data  clearly 
show  that  increasing  t/Lo  from  7.56  to  8.82 
causes  a clear  shift  in  the  third  order  reflection  to 
smaller  kz.o  (or  larger  spacing)  suggesting  that 
the  fundamental  repeat  distance  of  the  copoly- 
mer increases  with  thickness.  However,  for  t/20 
of  7.35,  a shoulder  on  the  third  order  reflection 
is  found  at  higher  kz,o-  As  t/Lo  increases,  this 
shoulder  becomes  more  pronounced  and  replaces 
the  reflection  at  smaller  kz.o.  In  fact,  the  posi- 
tion of  this  shoulder  is  comparable  to  that  foimd 
for  the  copolymer  when  t/Lo=7.8.  The  same 
behavior  was  found  for  samples  with  thicknesses 
between  5.8Lo  and  6.8Lo.  These  results  sug- 
gest that  the  variation  in  the  period  is  cyclic 
with  t/Lo  in  keeping  with  the  theoretical  pre- 
dictions. 

This  work  was  p>artially  supported  by  the  U.S. 
Department  of  Energy,  Office  of  Basic  Energy  Sci- 
ences under  contract  DE-FG03-88E1R45375  and  by 
the  National  Science  Foundation  under  Grant  No. 
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New  Methods  and  Capabilities 

• Analyzing  Specular  Reflectivities  with 

Parametric  B-Splines 
A novel  application  of  parametric  B-spline 
curves  to  the  model-free  determination  of  neu- 
tron and  x-ray  scattering  length  density  pro- 
files from  measurements  of  specular  reflectivity 
has  been  developed  [1].  The  goal  is  to  deter- 
mine a p{z),  representing  the  scattering  length 
density  of  a thin  film  as  a function  of  depth, 
from  a spectrum  |i2(Q)p,  representing  reflec- 
tivity as  a function  of  wavevector  or,  equiv- 
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alently,  the  incident  or  reflection  angle.  For 
given  profile  p{z)^  the  specular  reflectance  R{Q) 
can  be  computed  exactly  for  practical  pmposes, 
but  the  inverse  problem  of  determining  p{z) 
from  |i2(Q)p  is  neither  straightforward  nor  en- 
tirely well-defined,  the  loss  of  phase  informar 
tion  in  relating  \R{Q)\‘^  to  R{Q)  being  the  most 
evident-but  not  the  only-mathematical  obsta- 
cle. Thus  most  approaches  to  analyzing  reflec- 
tivities are  variants  of  curve  fitting.  Model- 
based  fitting  tests  parametrized  formulas,  often 
resulting  from  or  motivated  by  theoretical  pre- 
dictions, while  model-free  descriptions  test  re- 
stricted function  spaces.  Both  approaches  in- 
volve the  determination  of  fit  variables,  but  a 
reasonably  sharp  distinction  is  that  models  usu- 
ally are  non-linear  functions  of  their  parame- 
ters, while  function  spaces  are  spanned  by  linear 
combinations  of  bases  functions.  Consequently, 
models  tend  to  probe  limited  classes  of  profile 
shapes,  especially  when  using  a small  number 
of  fit  variables,  while  model-free  descriptions,  in 
principle,  have  larger  range. 

Parametric  B-spline  curves  offer  a flexible 
and  appropriate  mathematical  description  of 
scattering  length  density  profiles  for  reflectivity 
analysis.  Profiles  combining  smooth  and  sharp 
features  can  be  defined  in  low  dimensional  rep- 
resentations using  control  points  in  the  density- 
depth  plane  which  provide  graded  local  influence 
on  profile  shape.  These  profiles  exist  in  vector 
spaces  defined  by  B-spline  order  and  parame- 
ter knot  set,  which  can  be  systematically  densi- 
fied  during  analysis.  Such  profiles  can  easily  be 
rendered  as  adaptive  histograms  for  reflectivity 
computation.  B-spline  order  can  be  chosen  to 
accommodate  the  aymptotic  (large-Q)  behavior 
indicated  by  reflectivity  data. 

In  the  method,  scattering  length  density  pro- 
files p{z)  are  represented  by  parametric  B-spline 
curves: 

m 

VCz(u),  p{u))  = pi)Bi,k(u) , (2) 

t=0 

where  Bi^kM  are  B-splines  of  order  k and  u is 


the  evolution  parameter  of  the  (2:,  p)  curve.  For 
a given  parameter  knot  sequence  (a  fixed  set  of 
values  along  the  it-axis),  the  curve  is  defined  by 
its  m -f  1 control  points,  (zi,pi),  which  act  as 
fit  variables.  In  practice  A:  = 4,  signifying  cubic 
B-splines,  is  a good  choice  for  analyzing  most  re- 
flectivity data,  having  continuity  properties  con- 
sisten  with  spectra  that  fall  as  fast  as  An 
interactive  fitting  program,  caUed  PBS,  uses  the 
Nelder  and  Mead  simplex  method  to  search  con- 
trol point  space. 

The  method  has  been  applied  to  several  in- 
teresting examples  of  neutron  reflectivity  data. 
The  curves  in  figure  14  show  the  results  of  fitting 
an  in-situ  neutron  reflectivity  spectrum  from  ti- 
tanium films  which  have  been  oxidized  by  con- 
tact with  an  aqueous  electrolyte.  The  profile 
drawn  with  the  heavy  line  was  obtained  using  J. 
F.  Ankner’s  MLAYER  model-based  fitting  rou- 
tine, which  is  a mainstay  of  neutron  reflectivity 
analysis  at  NIST.  The  other  curves  shown  were 
all  obtained  with  PBS  using  different  numbers 
of  control  points  and  different  interactive  fitting 
strategies.  All  the  parametric  B-spline  profiles 
fit  the  spectrum  to  the  accuracy  shown  in  the  fig- 
ure. (The  deviations  between  the  MLAYER  fit 
and  the  PBS  fits  at  high  Q apparantly  are  due  to 
the  error  weighting  used  in  MLAYER;  the  PBS 
fits  are  not  weighted.)  Thus  this  spectrum  does 
not  imiquely  determine  a scattering  length  den- 
sity profile  for  the  film,  but  it  does  effectively 
isolate  a family  of  profiles  which  are  consistent 
with  the  data  and  are  reasonable  candidates  for 
the  physical  profile.  PBS  is  now  being  used  to 
analyze  recent  reflectivity  spectra  from  lipid  bi- 
layers on  silicon  and  likely  will  join  MLAYER  as 
a standard  component  of  reflectivity  studies  in 
CNRF. 
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• Neutron  Standing  Waves  and  Prompt 

Gamma  Emissions 

Neutron  standing  waves  (NSW)  have  been 
combined  with  neutron-capture  prompt  gamma 
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Figure  14.  (a)  Fitted  density  profiles  for  titanium 
oxide,  (b)  Fitted  reflectivities.  (See  text.) 

emissions  (PGE)  to  locate  buried  layers  in  mul- 
tilayer thin  films  [1].  This  technique  is  not  lim- 
ited to  low-Z  materials,  as  in  the  case  of  x- 
ray  steinding  waves  (XSW)  and  x-ray  fiuores- 
cence  (XF)  emissions,  because  most  materials 
are  transparent  to  thermal  and  cold  neutrons. 
NSW  and  PGE  heis  not  been  reported  prior  to 
ref.  1 mainly  because  of  low  neutron  beam  in- 
tensities. However,  observations  of  resonance- 
enhanced  XSW  [2-4]  and  NSW  [5,6]  in  thin  films 
suggested  the  feasibility  of  doing  such  experi- 
ments with  neutrons.  Indeed,  in  our  experiment 
the  neutron  fiux  (neutron/sec.cm^)  in  the  film 
has  been  enhanced  at  resonance  by  more  than 
30  times  compared  to  the  incident  beam  fiux. 

The  inset  of  figure  8 is  a schematic  diagram 
of  the  sample.  Approximately  0.6  /zm  thick  Ni 
was  first  evaporated  onto  a polished  Si  substrate 
of  5.1  cm  in  diameter.  A film  of  polyvinylcyclo- 
hexane  (PVCH)  (~  720  A in  thickness)  was  spin- 
coated  onto  the  Ni.  Subsequently,  a 50  A layer 
of  Gd  was  evaporated  onto  the  PVCH  film.  No 
precaution  was  taken  to  prevent  the  oxidation  of 
the  Gd  to  Gd203.  A film  of  PVCH  ( ~720  A) 


was  floated  onto  the  surface  of  deionized  water 
and  retrieved  using  the  substrate,  thereby  en- 
trapping the  Gd  between  two  layers  of  PVCH. 
After  drying,  a perdeuterated  polystyrene  (d- 
PS)  film  was  placed  on  top  of  the  PVCH  in  an 
analogous  manner. 

The  neutron  experiments  were  carried  out 
at  the  NG-7  reflectometer.  The  sample  was 
moimted  horizontally  and  a 7-ray  detector  was 
installed  above  the  sample.  The  active  el- 
ement of  the  detector  was  a high-purity  Ge 
crystal  64  nun  in  diameter,  placed  ~10  mm 
from  the  sample.  The  absolute  efficiency,  mea- 
sured with  calibrated  radioactive  sources,  was 
0.10  and  0.09  photopeak  coimts  per  photon  at 
E^=181.9  and  199.2  keV,  from  capture  in  ^^^Gd 
£ind  ^^Gd,  respectively.  The  monochromated 
neutrons  had  an  average  wavelength  of  A=4.1  A 
with  AA/A=0.025.  The  illuminated  area  of  the 
sample  was  kept  fixed  at  ~35x40  mm^  by  con- 
tinuously opening  the  beam  defining  slits  as  the 
incident  angle  6 increased.  Gamma-ray  intensi- 
ties at  E-y=181.9  and  199.2  keV  were  measured 
from  kx=0.00025  A“^  to  0.075  A“^  with  resolu- 
tion Akx/kx  =0.058.  Neutron  reflectivity  data 
were  taken  simultaneously  with  the  7-ray  data 
at  each  kx. 

Figure  15  shows  the  low-kx  portion  of  the 
7-ray  data  (circles)  at  E^=181.9  keV,  with  the 
7-coimts  normalized  to  the  incident  beam  in- 
tensity. Below  the  critical  kx  (0.0107  A“^)  of 
Ni,  five  modes  of  the  resonance-enhanced  neu- 
tron standing  waves  (RENSW)  were  expected 
as  indicated  by  the  arrows,  and  the  7-ray  peaks 
for  n=3,  4,  and  5 modes  were  well  resolved  ex- 
perimentally. The  solid  line  is  the  calculated 
neutron-capture  rate  r for  ^^^Gd,  multiplied  by 
a constant  C,  with  the  sample  structural  param- 
eters as  well  as  C fit  to  the  data. 

A matrix  method  was  used  to  calculate  the 
neutron  wavefunction  ^(x)  and  the  resulting 
neutron-capture  rate  r (neutrons/ sec),  as  well  as 
the  neutron  reflectivity.  Interface  roughness  was 
modeled  by  smearing  the  abrupt  change  in  the 
1-d  scattering  potential  at  each  interface  with 
a hyperbolic  tangent  function,  and  the  rough- 
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Figure  16.  Gamma-ray  data  at  E-y=181.9  keV  from 
the  neutron  capture  in  '®^Gd.  Circles  are  measured 
7-ray  intensity  normalized  to  the  incident  neutron 
beam  intensity.  The  €u-rows  indicate  the  resonance- 
kx  positions  of  the  RENSW  for  n=l,  2,  ...,  and  5 
modes.  The  solid  hne  is  the  calculated  neutron- 
capture  rate  multiplied  by  a constant  representing 
the  counting  efficiency.  Fitting  to  the  data  is  very 
sensitive  to  the  location  and  depth-profile  of  the  Gd 
layer.  The  inset  is  a schematic  diagram  of  the  sam- 
ple. 

ness  was  parameterized  by  the  fuU-width-half- 
maximum  (FWHM)  of  the  first  derivative  of  the 
smearing  function.  The  fitting  of  the  calculated 
7-ray  intensity  to  the  data  was  sensitive  to  the 
total  thickness  of  the  PVCH  film  since  the  kx 
values  of  the  resonance  peaks  were  most  affected 
by  the  film  thickness.  The  relative  intensities 
of  the  peaks  were  very  sensitive  to  the  depth 
and  depth-profile  of  the  Gd  layer.  For  example, 
since  the  Gd  layer  is  located  at  a trough  of  the 
RENSW  for  the  n=4  mode  [see  Fig.  17(a)],  the 
7-ray  intensity  of  the  n=4  peak  depends  cru- 
cially on  how  the  Gd  layer  overlaps  with  the 
neutron  probability  density  |'^(x)p.  To  obtain  a 
reasonable  fit  to  the  data  the  thickness  of  the  Gd 
layer  was  increased  to  84  A with  a density  only 
86%  that  of  the  bulk,  (which  might  indicate  that 
the  Gd  layer  was  oxidized),  and  the  roughness  of 
both  interfaces  of  the  Gd  layer  were  foimd  to  be 
14  A.  The  PVCH  film  thickness  was  foimd  to  be 
737  A above  the  Gd  layer  and  741  A below  it, 
and  the  fitting  to  the  data  persistently  showed 
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Figure  16.  The  measured  neutron  reflectivity  on  a 
log-scale.  The  inset  is  the  low-kx  portion  of  the  data 
plotted  on  a linear  scale.  Solid  lines  are  results  of 
fitting  to  the  data. 

a thicker  PVCH  film  at  the  bottom.  The  sensi- 
tivity of  the  PGE  & RENSW  technique  to  the 
Gd  layer  depth  and  depth-profile  surpasses  that 
of  neutron  refiectivity  analysis  alone.  The  d-PS 
film  thickness  was  found  to  be  240  A.  The  real 
part  of  the  resulting  scattering  potential  u(x) 
is  plotted  as  the  thick  solid  curve  in  figure  17. 
The  imaginary  part  \iim  for  Gd  and  PVCH  were 
3.4x10”^  A“^  and  9.2x10“®  A“^,  respectively. 

Figure  16  shows  the  measured  neutron  re- 
fiectivity on  a log-scale  while  the  inset  shows 
the  low-kx  portion  on  a linear  scale.  The  solid 
curves  were  calculated  with  the  same  parameters 
as  used  in  calculating  the  solid  curve  in  figure 
8 for  the  7-ray  intensity.  Since  the  reflectivity 
analysis  was  sensitive  to  the  interface  roughness 
of  the  d-PS  and  Ni  layers,  we  also  fit  the  data  to 
help  determine  these  parameters,  and  fed  them 
back  when  we  fit  the  7-ray  data.  The  7-ray  and 
the  neutron  reflectivity  results  are  in  excellent 
agreement,  and  indeed  they  are  complementary 
tools  to  pin  down  the  depth-profile  of  the  entire 
sample. 

The  thin  solid  lines  in  figure  17  show  the  neu- 
tron probability  density  |’I'(x)|^  in  the  n=4  (a) 
and  5 (b)  modes,  numerically  calculated  with 
the  same  depth-profile  parameters  used  for  the 
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Figure  17.  The  real  p>art  of  the  1-d  scattering  po- 
tential u(x)  (thick  solid  lines)  obtained  from  fitting 
to  the  7-ray  and  neutron  reflectivity  data,  and  the 
neutron  probabiUty  density  | (thin  soUd  lines) 

calculated  accordingly  with  ka;=0.00707  A“*(a)  and 
0.0089  A~^  (b),  respectively.  For  the  n=4mode 
I ^ Imax  ^ resonantly  amplified  to  ~33  in  the  PVCH 
film.  The  RENSW  is  suppressed  by  the  absorption 
in  the  n=5  mode.  The  dotted  line  in  (b)  is  |^(x)p 
calculated  with  the  imaginary  i>art  of  u(x)  in  the  Gd 
layer  turned  off. 


solid  lines  in  figures  15  and  16.  Tails  of  ^(x)  ex- 
tend into  the  potential  walls  on  both  sides,  as  we 
expect  from  the  model  calculation.  For  the  n=4 
mode,  even  with  absorption  and  structural  im- 
perfections included,  the  standing  waves  are  still 
resonantly  amplified  to  | ^ iSiax*^ 
n=5  mode,  however,  the  RENSW  is  suppressed 
by  the  absorption.  As  a comparison,  |’J'(x)p  is 
calculated  with  the  imaginary  part  of  u(x)  from 
the  Gd  layer  turned  off,  plotted  as  the  dotted 
line  in  figure  17(b). 

We  have  demonstrated  that  PGE  combined 
with  RENSW  is  a sensitive,  non-destructive 
technique  for  characterizing  buried  layers  of  neu- 
tron absorbing  nuclei  in  thin  films.  The  unique 
properties  of  neutrons  make  it  particularly  ap- 
plicable to  high-Z  materials  such  as  rare-earth 


thin  films  and  multilayers  where  XF  & XSW 
technique  can  not  be  utilized.  Even  though 
in  this  test  of  the  technique  a strong  neutron 
absorber,  Gd,  is  selected  for  the  bmied  layer, 
improved  sample  engineering  and  more  intense 
neutron  beams  available  in  future  at  the  Ad- 
vanced Neutron  Source  will  allow  us  to  study 
buried  layers  of  various  neutron-absorbing  nu- 
clei. 
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• UHTV  Sample  Chamber 

With  the  recent  advances  pointed  out  in  the 
preceding  paragraphs,  neutron  refiectivity  has 
become  an  established  technique  for  high  spa- 
tial resolution  depth  profiles  of  composition  and 
magnetism.  In  fact,  it  is  approaching  the  realm 
of  a truly  surface  sensitive  probe.  As  such,  how- 
ever, it  is  presently  hampered  by  the  surface  lay- 
ers of  oxides  and  other  compounds,  as  well  as 
adsorbed  water  vapor  and  hydrocarbons  that  in- 
variably are  deposited  on  exposed  surfEices  from 
the  atmosphere.  This  contamination  can  al- 
ter siuface  phenomena  from  the  behavior  that 
would  occur  on  a pristine  smface.  In  order  to 
keep  surfaces  clean  they  must  be  contained  in  ul- 
tra high  vacuum  (UHV),  where  the  rate  of  depo- 
sition of  contaminants  is  reduced.  For  example 
at  a pressure  of  7 x 10“  ton*  this  rate  is  1 mono- 
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layer  of  molecules  per  hour,  which,  assuming  a 
sticking  coefficient  of  1,  allows  less  than  1 hour 
to  study  a contamination  free  surface.  Presently 
at  NIST,  experiments  are  done  either  in  air  or 
in  the  vacuum  required  for  cryogenic  isolation, 
~10~®  torr.  Thus  the  development  of  an  ul- 
tra high  vacuum  (UHV)  sample  environment  is 
necessary  for  the  advent  of  neutron  reflectivity 
surface  science,  and  will  open  up  opportunities 
for  several  new  experimental  investigations  in- 
volving catalysis,  oxidation,  and  hydrogenation, 
critical  phenomena,  magnetism,  and  diffusion  at 
surfaces,  epitaxy,  and  studies  of  hydrophilic  and 
other  contamination-sensitive  materials  [1]. 

Reflectivity  measurements  beneflt  further 
from  the  absence  of  a contamination  layer  and 
UHV  environment  even  in  cases  in  which  surface 
phenomena  are  not  being  studied.  The  presence 
of  contamination  layers  complicates  the  inter- 
pretation of  the  data  requiring  extra  fitting 
parameters  to  describe  them.  In  addition,  these 
layers  are  almost  always  rougher  than  the  un- 
contaminated surface,  which  results  in  lower  re- 
flected intensity,  decreasing  the  rate  at  which 
data  can  be  taken  and,  to  some  extent,  the  Q- 
range  over  which  data  can  be  acquired.  Further- 
more, in  UHV  many  complementary  techniques 
of  smrface  science  and  sample  preparation  can  be 
employed. 

In  order  to  perform  experiments  on  clean 
surfaces  additional  equipment  is  required  be- 
yond that  required  to  maintain  UHV.  To  cre- 
ate a clean  surface  we  have  chosen  molecular 
beam  epitaxy  (MBE)  to  deposit  single  crjrstal 
thin  films  and  multilayers  since  it  is  a highly 
versatile  technique  and  produces  state  of  the  art 
sample  quality  and  smooth  surfaces.  However, 
in-situ  ion  sputter  etching  will  be  provided  to 
clean  surfaces  prepared  elsewhere.  Introduction 
of  gas  species  for  experiments  on  catalysis  and 
hydrogen  absorption  will  be  enabled  by  a UHV 
leak  valve  attached  to  a gas  manifold. 

Neutron  reflectivity  experiments  addition- 
ally require  large  samples  and  neutron  windows. 
The  latter  will  be  provided  by  a cylindrical  sec- 
tion made  of  A1  which  will  also  allow  grazing  in- 


Figure  18.  The  MBE/Neutron  Reflectivity  Cham- 
ber. From  left  to  right  are  the  a)  sample  flange, 
b)  neutron  window,  c)  MBE  section,  and  d)  source 
flange. 

cident  diffraction.  With  some  modifications  this 
chamber  could  be  used  for  high  angle  diffraction 
as  well.  The  sample  holder  is  designed  for  a con- 
tinuous temperatm-e  range  of  ~ 8-1200  K,  with 
appropriate  uniformity  across  a 3”  diameter  sub- 
strate. Furthermore,  means  are  provided  for  a 
uniform  externally  controlled  magnetic  field  at 
the  sample  for  polarized  neutron  experiments. 
These  features  call  for  components  that  are  un- 
available commercially,  and  required  consider- 
able development.  (See  figure  18) 

While  not  all  capabilities  can  be  initially  pro- 
vided for,  we  will  initially  concentrate  on  studies 
of  hydrogen  in  metals  and  the  determination  of 
the  magnetic  penetration  depth  of  alkali  doped 
Ceo-  Therefore  we  have  adapted  a lower  cost 
UHV  sample  chamber  from  the  design  of  the  full 
MBE  chamber  at  a cost  that  is  roughly  1/3  that 
of  the  full  MBE.  In  addition  to  the  above  exper- 
iments, this  chamber  is  designed  to  be  a general 
purpose  UHV  sample  chamber,  with  its  capabil- 
ities for  some  UHV  deposition,  surface  reactions, 
and  sputter  cleaning  of  externally  prepared  sam- 
ples. Virtually  all  of  the  parts  of  this  chamber 
can  be  transferred  to  the  full  MBE  chamber,  sav- 
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ing  most  of  the  investment  in  this  stage  of  the 
chamber  development. 
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Macromoleculax  and  Microstructure  Studies 


The  macromolecular  and  microstnictural 
studies  highlighted  in  this  section  were  carried 
out  on  the  CNRF’s  three  small  angle  neutron 
scattering  (SANS)  instruments.  These  instru- 
ments have  been  used  to  characterize  nanoscale 
structure  (<^1  to  300  nm)  in  a wide  range 
of  materials  including  polymers,  colloids  and 
microemulsions,  microporous  media,  biological 
macromolecules,  nanocrystalline  metals  and  ce- 
ramics, molecular  composites,  and  liquid  crys- 
tals among  many  others.  From  October  1993 
until  Jime  1994,  when  the  NBSR  shut  down 
to  install  a new  cold  source  and  make  other 
facility  improvements,  ^60  experiments  were 
carried  out  on  each  of  the  SANS  instruments. 
Roughly  one-half  of  the  total  beam  time  on  the 
two,  high  resolution,  30  m SANS  instruments 
(-75%  on  the  NIST/NSF  SANS  and  -25% 
on  the  NIST/Exxon/Univ.  of  Minnesota/Texaco 
SANS)  was  distributed  among  groups  who  sub- 
mitted proposals  that  were  peer  reviewed  and 
allocated  beam  time  by  the  CNRF’s  Program 
Advisory  Committee.  In  this  section,  the  results 
of  some  of  these  studies,  in  which  Reactor  Divi- 
sion scientists  have  had  a major  role,  are  briefly 
described. 

Polymers 

• Microphase  Separation  in  Ultrathin 
Copolymer  Films 

Neutron  scattering  studies  of  phase  behavior 
in  copolymer  thin  Aims  have  focused  primarily 
on  neutron  reflectivity  measurements  since  this 
technique  is  quite  sensitive  to  structures  oriented 
normal  to  the  surface.  This  is  usually  the  case 
for  thin  copolymer  Aims  since  the  strong  speciflc 
interaction  between  the  substrate  and  block  seg- 
ments orients  the  resulting  lamellae  to  lie  paral- 
lel to  the  substrate.  However,  several  important 
examples  where  there  is  lateral  structure  in  the 
film  include  non-equilibrium  configurations  dur- 
ing phase  separation,  and  equilibrium  structures 


in  films  that  are  “frustrated”  by  confinement  be- 
tween two  surfaces.  SANS  measurements  in  a 
transmission  geometry,  where  the  incident  beam 
is  normal  to  the  surface,  are  a direct  probe  of 
this  type  of  in-plane  structure  in  thin  films.  In 
this  geometry,  however,  the  illuminated  sample 
volume  is  small  which  makes  such  measurements 
diflicult.  In  two  recent  studies  carried  out  with 
scientists  from  IBM  and  MIT,  the  measurement 
of  SANS  from  ultrathin  (100  nm)  polymer  films 
has  been  successful  for  the  first  time,  with  a re- 
duction in  sample  thickness  by  a factor  of  lO'^ 
compared  to  the  typical  one  mm  thickness  used 
for  measuring  polymer  blends.  An  acceptable 
signal  to  noise  ratio  was  achieved  because  the 
microphase  structme  of  the  chosen  system  pro- 
vides a strong  scattering  signal  and  because  the 
full  size  of  the  available  beam  could  be  utilized 
(2.8  cm  diameter  sample  aperture). 

In  one  study  of  non-equilibrium  struc- 
tures present  during  phase  separation  in  a 
thin  copolymer  film,  symmetric  diblock  copoly- 
mers of  polystyrene  (PS)  and  perdeuter- 
ated  poly(methyl  methacrylate)  (dPMMA)  were 
spun  cast  from  1%  toluene  solutions  onto  silicon 
substrates  and  studied  both  “as-cast”  and  after 
heating  to  170  (well  above  the  polymer  glass 
transition)  in  vacuum.  Figure  1 (a-c)  shows  the 
“as-cast”  (o)  and  post-annealed  (•  annealed  for 
15  min.;  A annealed  for  23  hrs)  scattering  from 
three  samples  with  different  molecular  weights 
(Mn  = 29  K,  121 K and  289  K for  plots  a,b,  and  c 
respectively).  A peak  in  the  scattering  at  a given 
Q corresponds  to  in-plane  structure  in  the  film 
with  a characteristic  length  scale  — 1/Q.  Non- 
equilibrium, in-plane  structure  is  seen  for  all  ex- 
cept the  lowest  molecular  weight  “as-cast”  films 
due  to  phase  separation  occurring  during  the 
spin  coating  process  before  evaporation  of  sol- 
vent increases  the  glass  transition  above  room 
temperature.  After  annealing  for  15  min,  signif- 
icant structure  is  observed  for  all  three  molec- 
ular weights,  but  after  23  hrs  of  annealing  the 


Polymers 


63 


structure  has  almost  disappeared  except  for  the 
highest  molecular  weight.  These  changes  result 
from  two  processes  which  occur  over  different 
time  scales  when  the  sample  is  heated:  the  fast 
formation  of  copolymer  micro-domains  which  at 
first  are  randomly  oriented  with  respect  to  the 
surface  [1],  and  the  slower  re-orientation  of  the 
domains  parallel  to  the  surface  from  the  specific 
interactions  between  the  block  segments  and  the 
substrate  [2].  The  slower  kinetics  seen  for  the 
higher  molecular  weight  result  from  the  strong 
molecular  weight  dependence  of  the  chain  mo- 
bility. 

Equilibrium  in-plane  structure  has  also  been 
observed  in  films  where  there  is  an  interaction 
competing  with  the  substrate  preference  for  a 
specific  block.  This  has  been  demonstrated  us- 
ing confined  copolymer  films  where  the  total 
thickness  of  the  film  is  fixed  by  the  presence  of 
a SiOa;  cap  layer.  If  the  film  thickness  is  incom- 
mensurate with  the  multilayer  domain  spacing 
the  domains  must  either  stretch  or  compress  to 
compensate  or  reorient  perpendicular  to  the  sur- 
face to  remove  the  constraint.  In  this  study  the 
strength  of  the  specific  interaction  with  the  sur- 
face was  modified  by  coating  with  a high  molecu- 
lar weight  film  of  a random  PS-b-PMMA  copoly- 
mer and  by  varying  the  copolymer  stochiome- 
tiy.  Figure  2 shows  scattered  intensity  differ- 
ence as  a function  of  Q between  a sample  with 
a total  film  thickness  corresponding  to  2.5  bi- 
layer repeat  distances  (highly  frustrated)  and  a 
film  2.8  bilayer  repeat  distances  thick  (minimal 
frustration).  The  appearance  in  the  scattering 
pattern  of  a resolution-limited  Bragg  peak  indi- 
cates strong  in-plane  correlated  structure  in  the 
frustrated  film.  The  peak  position  corresponds 
to  the  same  bilayer  spacing  measured  in  non- 
confined  films.  Other  experiments  verified  that 
increasing  the  wall  interaction  with  a specific 
block  segment  by  changing  the  random  copoly- 
mer stoichiometry  prevented  the  reorientation  of 
the  Isimella  normal  to  the  surface  even  for  highly 
frustrated  films. 
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Figure  1.  The  absolute  scattering  cross  section, 
dE/dfl,  for  P(S-b-d-MMA)  copolymers  on  a Si  sub- 
strate: (o)  as-cast;  (•)  heated  to  170  °C  for  15  min; 
and  (a)  heated  to  170  °C  for  23  hrs.  (a)  is  for  the 
29  K copolymer;  (b)  is  for  the  121  K copolymer;  and 
(c)  is  for  the  289  K copolymer.  The  solid  line  in  (c) 
is  the  scattering  measured  for  the  bulk  copolymer. 
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Figure  2.  The  difTerence  in  scattered  neutron  inten- 
sity as  a function  of  Q between  two  ultrathin  confined 
copolymer  thin  films,  one  with  a total  film  thickness 
corresponding  to  2.5  bilayer  repeat  distances  (highly 
frustrated)  and  the  other  with  a thickness  of  2.8  bi- 
layers (minimal  frustration).  The  appearance  in  the 
scattering  jMittern  of  a resolution-limited  Bragg  peak 
indicates  strong  in-plane  correlated  structure  in  the 
frustrated  film. 


• Polymer  Blends 

The  degree  of  polymer  miscibility  affects  the 
texture  and  morphology  of  polymeric  materials 
which  in  turn  affect  the  mechanical  properties. 
Most  polymer  blends  phase  separate  upon  heat- 
ing beyond  the  so-called  lower  critical  spinodal 
temperature  (LCST)  although  some  phase  sep- 
arate upon  cooling  below  an  upper  critical  spin- 
odal temperature  (UCST).  Two  other  charac- 
teristic temperatures  play  a role  in  determin- 
ing the  usefulness  of  a polymer  mixture  for  spe- 
cific applications:  the  glsiss-rubber  transition 
temperature  (Tg)  below  which  polymer  melts 
“freeze”  to  form  a glassy  state,  and  the  degrada- 
tion temperature.  The  proximity  of  these  var- 
ious temperatures  to  ambient  (or  the  tempera^ 
ture  at  which  the  material  is  used)  determines 
whether  the  material  will  be  rubbery,  stiff,  brit- 


tle, etc.  Detailed  knowledge  of  phase  behavior 
is,  therefore,  essential  to  determining  processing 
strategies  that  lead  to  control  of  microstructure 
and  resulting  properties.  Recent  SANS  mea- 
surements, in  collaboration  with  NIST’s  Poly- 
mers Division  and  the  IBM  Almaden  Research 
Center  [3],  have  for  the  first  time  established 
the  existence  of  both  a LCST  and  a UCST 
in  a homopolymer  blend  (low  molecular  weight 
polystyrene/polybutylmethacrylate).  The  exis- 
tence of  such  a miscibility  gap  in  the  phase  dia- 
gram opens  up  new  possibilities  for  the  control  of 
polymer  morphology  that  may  lead  to  novel  and 
beneficial  microstructures.  If  successful,  many 
other  polymer  blends  which  were  thought  to  be 
purely  UCST  or  LCST  systems  likely  could  be 
modified  to  have  similar  miscibility  gaps. 

Another  approach  to  controlling  miscibility 
involves  the  use  of  r£indom  or  block  copolymers 
as  compatibilizers  in  the  production  of  polymer 
blends.  Although  in  widespread  industrial  use, 
processing  methods  based  on  this  approach  are 
generally  developed  by  trial  and  error  due  to 
the  lack  of  fundamental  data  that  might  lead 
to  predictive  capabilities.  To  address  this  sit- 
uation, a program  has  been  initiated  in  collab- 
oration with  scientists  at  Brooklyn  Polytechnic 
University  to  investigate  systematically  the  ef- 
fects of  adding  varying  amounts  of  symmetric 
diblock  copolymers  on  the  phase  separation  ki- 
netics of  equal  mixtures  (critical  composition) 
of  the  corresponding  homopolymers.  As  a first 
study,  blends  of  polyethylbutylene  (PEB)  and 
polymethylbutylene  (PMB)  and  their  copoly- 
mers were  quenched  into  the  immiscible  region 
of  the  phase  diagram  and  SANS  patterns  were 
recorded  every  few  minutes  in  order  to  follow 
the  early  stages  of  phase  separation.  At  longer 
times,  the  technique  of  Multiple  Small  Angle 
Neutron  Scattering  (MSANS),  which  consists  of 
monitoring  the  broadening  of  the  direct  beam 
due  to  multiple  scattering,  was  used  to  follow 
the  coarsening  of  the  microstructure  over  a pe- 
riod of  months.  It  was  found  that  the  addition 
of  the  copolymer  does  keep  composition  fiuctua- 
tion  length  scales  small  (effective  compatibiliza- 
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tion)  at  early  stages  (based  on  the  SANS  obser- 
vations), but  not  during  the  late  stages  (based 
on  the  MSANS  results)  where  similEir  kinetic  be- 
havior was  observed  with  or  without  the  copoly- 
mer present. 

Structural  Biology 

The  30  m SANS  instruments  continue  to  be 
used  successfully  for  the  study  of  a variety  of  bi- 
ological systems.  In  particular,  the  high  incident 
flux  and  wide  measiuement  range  have  made  it 
possible  to  reliably  determine  the  structme  of 
small  proteins  in  dilute  solution,  even  under  con- 
ditions where  the  scattering  is  often  very  weak. 
As  a result,  several  leading  groups  in  the  fleld 
are  now  regularly  performing  experiments  at  the 
CNRF  and  new  collaborations  have  been  devel- 
oped with  scientists  at  local  institutions.  The 
higher  neutron  intensity  which  will  be  available 
once  the  new  cold  source  is  installed  will  make 
the  30  m SANS  instruments  even  better-suited 
for  structural  biology  studies. 

The  flrst  structural  study  [4,5]  of  skeletal 
muscle  troponin  C complexed  with  troponin  I in 
the  presence  of  calcium  (4Ca^'^*TnC/TnI)  has 
now  been  completed  in  collaboration  with  the 
Los  Alsunos  National  Laboratory.  TheTnC/Tnl 
dimer  is  part  of  a larger  troponin  complex  which 
plays  an  important  role  in  calcium-regulated 
muscle  contraction.  While  the  crystal  struc- 
ture of  the  TnC  component  alone  was  previously 
known,  this  is  the  flrst  information  obtained  on 
the  structure  of  the  4Ca^'*‘-  TnC/Tnl  complex  in 
solution. 

In  an  effort  to  better  understand  the  spe- 
ciflc  interactions  between  TnC  and  Tnl  in  the 
presence  of  calcium,  deuterated  TnC  was  com- 
plexed with  non-deuterated  Tnl  and  a series  of 
measurements  in  solvents  with  increasing  con- 
centrations of  D2O  were  made  in  order  to  sep- 
arately determine  the  structiue  of  each  com- 
ponent. The  results  showed  that  TnC,  with 
a radius  of  gyration  of  23.9  ± 0.5  A,  retains 
its  extended,  dinnbbell-like  shape  while  in  the 
4Ca^‘‘"-  TnC/Tnl  complex.  The  Tnl  component, 
with  a radius  of  gyration  of  41  ± 2 A,  is 


Figure  3.  Best  fit  model  for  4Ca^‘^-TnC-TnI  derived 
from  SANS  and  x-ray  crystallography  data  as  well  as 
biochemical  analyses.  The  p)ath  of  Tnl  (plus  signs) 
spirals  around  the  dumbbell-shaped  4Ca^''‘-TnC  (rib- 
bon). The  N and  C domains,  as  well  as  helices  C,  E, 
and  G of  TnC  are  labeled.  [Taken  from  Ref.  5.) 

even  more  extended  and  forms  a helical  struc- 
ture which  encompzisses  the  TnC  component. 
The  maximum  linear  dimension  of  the  complex 
is  115  ± 4 A and  the  centers  of  mass  of  the 
two  components  coincide  to  within  10  A.  Figure 
3 illustrates  the  model  structure  for  the  com- 
plex which  was  derived  from  the  data  using  a 
Monte  Carlo  modeling  method  [5].  The  model 
is  consistent  with  biochemical  data  which  sug- 
gest that  the  molecular  mechanism  for  the  Ca^"*"- 
sensitive  switch  that  regulates  the  muscle  con- 
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traction/relaxation  cycle  involves  a signal  trzuis- 
mitted  via  the  central  spiral  region  of  troponin 
I.  Similar  SANS  experiments  are  currently  being 
performed  on  the  calmodulin/myosin  light  chain 
kin£ise  complex. 

Studies  of  conformational  changes  in  cyclic 
AMP  receptor  proteins  (CRP)  induced  by  the 
binding  of  the  small  cAMP  ligand  are  contin- 
uing in  collaboration  with  the  NIST/Univ.  of 
MD  Center  for  Advanced  Research  in  Biotech- 
nology. CRP  is  a DNA-binding  protein  which, 
in  its  active  conformation  with  bound  cAMP, 
regulates  gene  expression  in  bacteria.  Although 
the  crystal  structure  of  the  CRP/cAMP  complex 
is  known,  no  detailed  structural  information  on 
the  shape  of  the  non-liganded  molecule  is  yet 
available. 

Earlier  smaU  angle  x-ray  scattering  measure- 
ments [6]  suggested  that  the  radius  of  gyration 
(R^)  of  CRP  decreases  by  ^^20%  when  cAMP 
is  boimd.  However,  it  was  suspected  that  this 
result  might  be  greatly  influenced  by  aggregar 
tion  of  the  protein.  Initial  measurements  made 
on  the  30  m SANS  instruments  also  showed  a 
change  in  Rg  of  the  same  magnitude.  How- 
ever, since  the  scattering  could  be  measured 
at  smaller  angles  than  was  possible  in  the  x- 
ray  study,  the  aggregation  was  immediately  con- 
flrmed.  Once  imaggregated  samples  could  be 
measured,  the  change  in  radius  of  gyration  was 
foimd  to  be  on  the  order  of  5%,  which  is  more 
consistent  with  recent  analytical  gel  chromatog- 
raphy [7]  results.  Figure  4 shows  the  fltted  dis- 
tance distribution  functions  obtained  from  a pre- 
liminary shape  analysis  of  the  data  taken  at 
higher  angles.  These  results  support  the  no- 
tion that  CRP  becomes  slightly  more  compact 
upon  binding  of  cAMP.  ESbrts  to  calculate  de- 
tailed structural  models  based  on  the  SANS  data 
are  currently  imderway.  Additional  experiments 
will  explore  the  structure  of  mutant  forms  of 
CRP  as  well  as  the  CRP/cAMP  complex  with 
DNA  boimd. 
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Figure  4.  Distance  distribution  functions,  P(r),  ob- 
tained from  fits  to  the  SANS  data  for  non-liganded 
CRP  and  the  CRP/cAMP  complex.  The  peak  in 
the  distribution  shifts  to  smaller  distances  for  the 
CRP/cAMP  complex,  suggesting  that  CRP  becomes 
slightly  more  compact  upon  binding  of  cAMP. 


Microporous  Materials 

• Pore  Coarsening  in  Selectively  Dis- 
solved Silver-Gold  Alloys 

When  a metal  is  exposed  to  an  electrolyte 
and  an  oxidizing  agent,  it  may  dissolve  into  the 
electrolyte  in  a corrosion  process.  When  this  oc- 
curs for  an  alloy  or  composite,  the  less  noble  con- 
stituent in  the  matrix  will  often  dissolve  more 
quickly,  leaving  behind  a porous  network  formed 
of  the  more  noble  constituent.  This  selective  dis- 
solution provides  fertile  ground  for  studying  sur- 
face and  bulk  diffusion,  metal-electrolyte  inter- 
actions, and  the  effect  of  local  ciuvature  on  mass 
transport  [8].  In  addition,  the  porous  networks 
left  behind  have  potential  commercial  value  as 
membranes  or  as  substrates  for  electrochemical 
sensors. 

In  a collaboration  with  scientists  at  Johns 
Hopkins  University  to  investigate  dealloying  of 
a simple  binary  alloy,  a quartz  flow  cell  was  con- 
structed for  use  in  in-situ  SANS  measurements. 
Two  foils  of  Ag7o-Au3o  alloy  were  placed  into 
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Figure  6.  A series  of  circularly  averaged  SANS  p>at- 
terns  collected  (in  about  two  minutes  each)  diu*ing 
the  dealloying  of  a Ag7oAu3o  sample  by  concentrated 
nitric  acid.  As  the  dealloying  progresses,  the  inten- 
sity grows,  and  the  maximum  shifts  to  lower  Q,  con- 
sistent with  a rearrangement  (coarsening)  of  the  Au 
atoms  left  behind  in  the  porous  network. 

the  cell,  and  concentrated  nitric  acid  was  flowed 
through.  SANS  data  were  collected  in  roughly 
two-minute  intervals,  as  the  Ag  dissolved  out  of 
the  alloy.  Figure  5 shows  a series  of  circularly- 
averaged  scattering  patterns  for  data  collected 
over  a 24-hr  period.  As  the  dealloying  pro- 
gresses, the  intensity  grows,  and  the  maximum 
shifts  to  lower  Q,  consistent  with  a rearrange- 
ment (coarsening)  of  the  Au  atoms  left  behind 
in  the  porous  network. 

The  data  bear  a strong  resemblance  to  SANS 
profiles  of  porous  vycor  glass,  which  have  been 
modeled  successfully  by  Berk  et  al.  [9].  Fit- 
ting our  data  to  this  model,  we  have  determined 
the  time  evolution  of  the  average  Au  ligament 
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Figure  6.  The  average  width  of  the  Au  ligaments 
versus  dealloying  time  derived  from  the  SANS  data 
shown  in  figure  5 based  on  a model  of  a bicontinuous 
microstructure  from  Ref.  [9]. 

size,  shown  in  figure  6.  Two  scaling  regimes 
are  apparent:  The  scaling  exponent  is  0.21  at 
short  times,  but  increzises  to  0.39  after  a few 
hours.  This  change  in  slope  may  be  2issociated 
with  some  tremsition  from  surface  diffusion  hm- 
ited  coarsening  to  bulk  diffusion  limited  coars- 
ening. Theoretical  treatments  of  coarsening  pre- 
dict slopes  of  0.25  and  0.33,  however  [10],  and  we 
do  not  presently  understand  the  deviation.  One 
possibility  is  that  the  differences  are  related  to 
small  changes  in  the  dealloying  rate,  over  which 
we  had  no  control,  since  we  used  a chemical, 
rather  than  electrochemical,  etchant. 

The  coeirsening  behavior  of  dealloyed  films 
has  also  been  monitored  while  the  films  were 
annealed  at  150  °C  and  200  °C.  Changes  in  the 
scaling  exponent  are  observed  for  some  of  these 
data  as  well,  leading  us  to  believe  that  these 
changes  herald  a real  transition  and  are  not  just 
an  artifact  of  a varying  dissolution  rate.  Future 
in-situ  dealloying  measurements  are  planned,  in 
which  the  dissolution  rate  will  be  controlled  elec- 
trochemicaUy  in  perchloric  acid. 
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• Pore  Structures  in  Electrochemically 

Etched  Silicon  and  Gallium  Arsenide 

Porous  silicon  has  been  the  subject  of  much 

interest  because  of  its  photoluminescent  prop- 
erties, which  have  been  attributed  to  a variety 
of  mechanisms,  including  quantum  confinement 
and  surface  chemistry  effects.  In  distinguishing 
between  these  mechanisms,  it  is  helpful  to  cor- 
relate the  chemical  and  optical  properties  and 
the  growth  conditions  to  the  structure  of  the 
films.  In  a collaboration  with  Johns  Hopkins 
University,  SANS  has  been  used  to  measure  the 
porosity  and  morphology  of  a range  of  porous 
GaAs  and  n-  and  p-doped  Si  samples.  All  sam- 
ples were  etched  electrochemically  in  hydroflu- 
oric acid  mixed  with  either  ethanol  or  water, 
with  varying  concentrations,  current  densities, 
and  growth  times. 

As  the  resistivity  is  increased  from  0.001  fl- 
cm  to  1 fl-cm,  the  scattering  from  porous  n-type 
Si(lOO)  evolves  from  a broad,  diffuse  pattern  to 
a much  sharper  pattern  with  fourfold  symme- 
try, indicating  that  the  pores  become  larger  and 
more  square-sided.  The  p-type  samples  tend 
to  produce  diffuse,  circularly  symmetric  SANS 
patterns,  but  under  certain  growth  conditions, 
they  too  show  signs  of  square-sided  pits.  Porous 
GaAs(lOO)  shows  four  highly  pronounced  lobes, 
indicative  of  pore  growth  along  the  {111}  di- 
rections. The  results  from  this  study  have  been 
combined  with  electron  microscopy  data  to  yield 
structure  information  on  a broad  length  scale. 

Structured  Fluids 

• Liquid  CrystzJline  Ordering  of  Aque- 
ous Suspensions  of  Cellulose  Microfib- 
rils 

Materials  derived  from  liquid  crystalline  cel- 
lulose microfibrils  have  a huge  industrial  sig- 
nificance because  of  the  high  tensile  strengths 
obtained  by  aligning  these  stiff  crystallites  un- 
der shear.  Aligned  cellulose  microfibrils  are 
the  basic  material  for  a wide  range  of  products 
such  as  rayon.  Viscose®,  cellophane,  some  cot- 
ton fibers,  and  most  recently  Tencel®,  which 
displays  unique  properties  due  to  liquid  crys- 


talline ordering.  In  particular,  aqueous  suspen- 
sions of  acid-hydrolyzed  microfibrils  with  dimen- 
sions of  approximately  50  x 50  x 2000  A exhibit 
cholesteric  ordering,  i.e.  the  ordering  of  nematic 
layers  into  a chiral  nematic,  helicoidal  structure. 
In  the  cholesteric  phase  microfibrils  stack  simi- 
larly to  the  steps  in  a spiral  staircase. 

SANS  studies  in  collaboration  with  the  Pulp 
and  Paper  Research  Institute  of  Canada  on 
aqueous  suspensions  of  cellulose  microfibrils 
have  been  instrumental  in  describing  the  mecha- 
nism behind  cholesteric  ordering.  The  measured 
inter-rod  packing  was  significantly  tighter  be- 
tween nematic  planes  than  between  rods  within 
a nematic  layer.  Based  on  packing  arguments, 
we  propose  that  this  is  due  to  the  presence  of  a 
slight  helical  twist  in  each  microfibril-an  asym- 
metry which  has  not  been  detected  by  any  other 
characterization  technique. 

SANS  w£is  employed  to  determine  the  in  situ 
shear  alignment  of  cellulose  microfibrils.  Es- 
sentially, this  explores  the  relationship  between 
the  cholesteric  and  nematic  phases,  since,  im- 
der  steady  shear  flow,  cholesteric  ordering  is  re- 
placed by  simple  nematic  alignment.  Figure  7 
highlights  the  increase  in  microfibril  alignment 
with  increasing  shear  rate  for  a 5%  suspension  of 
microfibrils  (with  an  axial  ratio  of  ~45)  in  D2O. 
Inter-rod  interference  peaks,  which  are  perpen- 
dicular to  the  flow  direction,  become  sharper 
and  more  prominent  with  increasing  shear  rate. 
Perhaps  more  interesting,  the  highest  degree  of 
anisotropic  ordering  was  observed  after  the  ces- 
sation of  flow.  One  reasonable  explanation  is 
that,  the  microfibrils  ‘Svobble”  during  shear  flow 
because  they  are  imder  constant  torque  due  to 
a gradient  in  flow  velocity  perpendicular  to  the 
flow  direction.  Wobbles  and  undulations  would 
increase  the  effective  size  of  the  particle  and  de- 
crease the  order.  After  shear  ceases,  the  torque 
is  removed  and  the  role  of  undulations  must 
change.  Such  considerations  could  have  impor- 
tant industrial  implications  for  optimal  produc- 
tion of  fibers  spun  from  cellulose  microfibrils. 
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Figure  7.  A series  of  isometric  intensity  plots  of 
SANS  data  showing  the  alignment  of  cellulose  mi- 
crofibrils (5%  in  D2O)  with  increasing  she£ir  rate,  as 
well  €is  the  relaxation  of  this  ordering  after  the  ces- 
sation of  shear  flow.  The  reflections,  which  are  per- 
F>endicular  to  the  shear  flow  direction,  become  more 
prominent  with  increasing  shear  rate.  After  the  ces- 
sation of  shear,  peaks  initially  sharpen  slightly,  indi- 
cating an  increase  in  anisotropic  alignment,  followed 
by  relaxation  of  alignment  with  time. 
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lating to  the  neutron  diflhaction  measurement  of 
residual  stress.  This  includes  the  development  of 
new  methods  of  sample  alignment  (“ALIGN”), 
the  development  of  a comprehensive  data  reduc- 
tion program  (“STRESS”),  and  the  design  and 
construction  of  a new  multipurpose  double-axis 
diflEractometer  with  a number  of  state-of-the-art 
features  specifically  for  improved  residual  stress 
measurement.  The  first  two  were  discussed  in 
some  detail  in  previous  reports;  an  update  of 
the  third  will  be  presented  later  in  this  section. 
The  main  focus  of  this  section  will  be  on  re- 
cent applications  of  the  neutron  diffiraction  tech- 
nique to  real  problems,  the  solution  of  which  has 
been  greatly  facilitated  by  our  recent  advances 
in  methodology. 

• Weldments 

The  fracture  safety  of  welds  may  be  com- 
promised by  the  residual  stress  state  which  is 
usually  unknown,  the  microstructiire  which  may 
contain  crack  nuclei,  cmd  compositional  gradi- 
ents, especially  that  of  hydrogen.  Neutron  tech- 
niques can,  in  principle,  provide  critical  mea- 
surements of  the  above  three  phenomena  and 
thus  guide  the  development  of  rational  solutions 
to  the  associated  welding  problems.  A major 
portion  of  our  experimental  effort  in  this  past 
year  has  been  devoted  to  the  study  of  the  first 
of  these  elements,  and  has  ranged  in  scope  from 
studies  of  prototypical  geometry  weldments  (to 
test  finite  element  models),  to  specimens  relat- 
ing directly  to  real-world  problems  such  as  leaks 
in  railroad  tank  cars  and  bridge  failures. 

The  variation  of  do  around  welds.  A criti- 
cal element  in  the  determination  of  the  residual 
stresses  in  weldments  is  the  value  of  the  stress- 
free  lattice  parameter,  do,  at  each  measurement 
point  in  the  material.  As  demonstrated  re- 


cently by  Krawitz  and  Winholz  [1],  and  con- 
firmed here  at  NIST  [2]  for  HSLA  steel,  the  high 
temperatures  associated  with  conventional  weld- 
ing methods  can  significantly  alter  alloy  compo- 
sition and  dos  even  at  centimeter  distances.  This 
is  an  area  which  is  actively  being  investigated; 
results  for  specific  specimens  are  discussed  in  the 
sections  which  follow. 

Testing  models.  A very  active  area  in 
welding  science/ technology  is  that  of  modeling 
weldments  by  means  of  finite  element  methods 
(FEM).  One  output  of  such  modeling  is  the  pre- 
diction of  the  residual  stress  distribution  pro- 
duced by  the  welding  process.  In  a coordinated 
ORNL-NIST,  ONR^supported  program  we  have 
attempted  to  determine  the  residual  stress  dis- 
tribution for  a geometry  amenable  to  modeling: 
a spot-welded  disk. 

Inititial  results  for  the  specimen  (assuming 
a uniform  do)  were  presented  in  last  year’s  re- 
port. It  is  an  HSLA-100  steel  disk  containing 
a large  spot  weld  in  the  center  of  the  top  fiat 
face.  The  diameter  of  the  disk  is  76.2  nun;  the 
thickness  18.6  mm.  At  the  center  position  of  the 
disk  a welding  pool  was  created  approximately 
20  mm  in  diameter  and  7 mm  depth.  The  mate- 
rials properties  of  this  specimen  (especially  the 
stress  free  lattice  parameter)  are  expected  to  be 
position  dependent,  because  of  the  temperature 
gradients  imposed  by  the  welding.  Therefore,  af- 
ter the  stress  measurements,  the  specimen  was 
destroyed  to  verify  its  properties  as  follows.  At 
the  stress  measm-ement  positions  2x2x2  mm^ 
cubes  were  extracted  from  the  specimen  by  elec- 
tric discharge  machining  (EDM).  The  d-spacing 
of  these  cubes  was  measured  in  8 pseudo-rrindom 
orientations,  the  average  value  of  which  was  in- 
tended to  provide  do(r,0,z).  The  results  show  a 
strong  trend  towards  higher  values  closer  to  the 
weld.  However,  at  positions  far  away  from  the 
weld,  there  is  considerable  variation  in  the  dos. 
We  believe  that  this  is  caused  by  small  misalign- 
ments of  the  cubes  on  the  specimen  table  of  the 
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spectrometer,  because  when  do  was  measured  in 
the  intact  piece  prior  to  welding,  there  was  little 
variation. 

At  this  time  an  estimate  of  the  variation  of 
do  has  been  made.  However,  a quantitative  do 
vs  position,  and  a final  determination  of  the 
complete  stress  distribution,  will  require  a re- 
measurement of  the  dos  of  the  extracted  cubes. 
This  will  be  done  as  soon  as  neutrons  are  again 
available.  On  the  other  hand,  the  shear  stresses- 
which  are  not  sensitive  to  the  do  value-can  be 
compared  with  initial  FEM  calculations  recently 
completed  at  ORNL  [3].  The  results  agree  in  the 
magnitude  of  stresses  and  in  the  overaU  trend 
with  distance  away  from  the  weld.  However,  the 
details  are  not  in  good  agreement  with  our  mean 
sured  values.  Refinement  of  the  FEM  model  is 
in  progress  at  ORNL. 

Evolution  of  stresses  around  a weld.  Uti- 
lizing the  nondestructive  character  of  neutron 
diflEraction,  an  ONR-supported  study  of  the  evo- 
lution of  residual  stress  patterns  on  a pass-by- 
pass  basis  was  begim  in  FY93  on  a test  speci- 
men of  high-strength  low-alloy  steel  (HSLA)  in 
a v-notch  weld  channel  geometry  (Fig.  1).  Mea- 
surements have  been  made  in  the  central  plane 
around  the  notch  before  welding  and  after  each 
of  four  weld  passes. 

At  each  of  25  sampling  points  in  the  base 
metal  (3x3x3  mm^  gauge  volume),  one  or  two 
Bragg  peak  scans  were  made  in  the  refiection 
geometry,  and  at  least  four  scans  were  made  in 
transmission.  Given  do  as  a function  of  posi- 
tion, this  would  provide  sufficient  information 
to  extract,  without  any  assumptions  or  approx- 
imations, three  normal  stress  components  and 
one  shear  stress  component.  Several  points  in 
the  weld  metal,  which  require  separate  analysis, 
were  examined  but  are  not  yet  analyzed.  An  ini- 
tial “stress-free”  do  was  obtained  from  the  un- 
welded plate,  which  weis  confirmed  to  be  essen- 
tially stress  free  by  neutron  diflEraction.  How- 
ever, as  described  above,  we  find  that  in  weld- 
ments do  can  vziry  with  thermal  history  (and 
distance  from  the  weld). 

Based  on  the  preliminary  correlation  of 


Figure  1.  HSLA-100  plate  for  weldment  residual 
stress  studies.  The  plate  is  15.2x15.2x1.9  cm^  with 
a rounded  v-notch,  2.2  cm  maximum  width  and  1.3 
cm  deep. 

FWHM  with  do  for  the  spot  weld  specimen 
described  above,  we  estimate  from  the  mea- 
sured FWHMs  in  the  v-notch  sample  that  in 
the  bsise  metal-even  at  the  points  closest  to 
the  weld  metal-the  variation  in  do  with  posi- 
tion should  change  the  residual  stress  values  by 
no  more  than  »100  MPa  toward  more  compres- 
sive stresses.  In  view  of  this,  we  present  in  figure 
2 the  longitudinal  {(Jxx)  residual  stress  distribu- 
tions after  each  of  four  weld  passes  as  an  indi- 
cator of  how  the  stress  distributions  evolve  with 
weld  pass. 

Certain  features  are  noteworthy: 

1.  A clear,  highly- tensile  stress  field  is  pro- 
duced in  the  bsise  metal  in  the  measurement 
region  nearest  the  channel  (gauge  volume 
centers  3 mm  from  channel).  The  tensile 
stress  maximum  (»700  MPa)  occurs  in  the 
longitudinal  (i.e.  y)  direction  and  is  ap- 
proximately 50%  more  than  the  maxima  in 
the  transverse  directions. 

2.  At  gauge  volume  centers  8 mm  away  from 
the  channel,  measured  stresses  are  near  zero 
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Sxx  (MPa)  hsla  1, 2 , 3 &4  pass 


Figure  2.  The  (Txx  residual  stress  distribution 
around  the  v- notch  in  the  plate  of  figure  1.  At  each 
point  four  vertical  lines  indicate  the  measured  resid- 
ual stress  after  each  of  the  four  passes  (1st  p)ass  <-»the 
left-most  line,  etc.).  The  counting  statistics  lead  to 
uncertainties  of  about  ±25  MPa  on  each  stress  value. 
It  should  be  mentioned  that  “passes”  3 and  4 each 
required  two  weldments  to  level  the  weld  metal  in 
the  channel. 

or  somewhat  compressive. 

3.  For  the  gauge  volumes  closest  to  the  chan- 
nel, the  change  in  tensile  stress  levels  can 
be  seen  at  each  point  as  the  weld  passes  fill 
the  v-notch. 

The  after-four-pass  neutron  results  for  the 
axial  and  transverse  directions  in  the  central 
plane  of  the  plate  are  in  good  qualitative  agree- 
ment with  results  obtained  by  x-ray  diflEraction 
for  surface  stresses  around  a bead  weld  on  a steel 
plate.  To  our  knowledge,  this  is  the  first  study 
of  residual  stresses  after  successive  weld  passes 
ever  performed. 

Tank-car  weldments.  The  Federal  Railroad 
Administration  of  the  Department  of  Trans- 
portation (DOT)  has  a direct  responsibility  for 
the  safe  transport  of  hzizardous  materials  via 
tank  cars.  One  aspect  of  this  responsibility  has 
to  do  with  the  effectiveness  and  durability  of  ax- 
ial stiffeners  welded  to  older  tank  cars  to  increase 
tank  shell  buckling  strength.  Analytical  calcu- 
lations performed  some  years  ago  indicated  that 


Figure  3.  Measurement  points  and  weldment  geom- 
etry for  the  DOT  skii>-weld  study. 

high  tensile  stresses,  which  would  promote  struc- 
tural failure,  may  occm*  at  the  start-  and  end- 
points of  the  skip  welds  used  to  attach  the  stiff- 
eners to  the  tank  cars  [4].  In  a DOT-supported 
collaborative  project  with  the  Metallurgy  Divi- 
sion, we  began,  in  FY93,  the  first  determina- 
tion of  residual  stress  distributions  in  skip>-weld 
specimens  of  the  type  used  for  redlroad  tank  car 
stiffeners. 

A total  of  four  specimens  produced  imder  dif- 
ferent welding  conditions,  an  example  of  which 
is  shown  schematically  in  figure  3,  and  one  un- 
welded specimen,  were  characterized.  In  this 
case,  no  systematic  change  in  FWHMs  was  ob- 
served as  a function  of  distance  from  the  weld. 
We  interpret  this  as  evidence  for  constant  do 
throughout  the  region  of  interest.  This  is  sup- 
ported by  the  results  of  surface  x-ray  diffraction 
measurements  [5]  on  the  same  specimens  which 
were  in  good  agreement  with  our  near-surface 
results. 

The  neutron  measurements  were  made  using 
a nominal  3x3x3  mm^  gauge  volume  in  identi- 
cal patterns  around  the  start  and  end  of  «12.7 
mm  wide,  surface  skip  welds  with  w40  mm  spac- 
ing between  weld-start  and  -end  on  12.7  mm 
thick  plates.  The  measurements  were  made  at 
three  depths:  3.18,  6.36,  and  9.54  mm  below 
the  welded  surface.  The  pattern  of  gauge  vol- 
ume centers  at  each  depth,  as  shown  in  figure  3, 
was  identical:  7 points  on  a line  perpendicular 
to  the  weld  direction,  w2  mm  from  the  projec- 
tion of  the  weld  tip  at  its  closest  approach.  One 
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point  was  on  the  weld  centerline,  the  remain- 
ing six  were  at  3,  6,  and  11  mm  away  from  the 
centerline  on  either  side.  Two  additional  points 
were  measured  on  the  centerline  at  5 and  8 mm 
from  the  weld  tip.  The  x-ray  measurements  were 
made  along  line  perpendicular  to  the  weld  direc- 
tion at  the  center  line  and  6 mm  on  either  side. 

Partial  results  for  one  specimen-essentially 
typical  of  all  foiur-are  shown  in  figure  4.  Also 
shown  are  surface  residual  stresses  from  x-ray 
measurements  [5].  Overall,  the  measured  resid- 
ual stress  distributions  through  the  thickness 
aroimd  the  start  and  end  points  of  the  weld- 
ments are  not  in  very  good  agreement  with  the 
finalytical-model  predictions.  We  find  that  only 
the  normal  stresses  parallel  to  the  bead-on-plate 
weldment  direction  are  tensile.  In  addition,  al- 
though the  maximum  tensile  stress  measured  is 
comparable  to  the  predicted  value,  the  measiured 
change  in  stress  with  distance  from  the  weld  tip 
is  much  less  than  the  model  calculations. 

• St2Uidard  Stress  Sample 

Although  confidence  in  the  neutron  tech- 
nique has  increased  within  the  materials  science 
and  engineering  communities,  no  demonstration 
of  standardization  or  consistency  between  labo- 
ratories has  been  made.  One  of  the  steps  in  the 
direction  of  such  standardization  is  the  devel- 
opment of  standard  specimens  that  have  well- 
characterized  residual  stress  states  and  which 
could  be  examined  worldwide.  To  this  end  we 
have  fabricated  and  characterized  a steel  ring- 
plug  specimen  with  very  well  defined  diametrical 
interference  [2]. 

In  the  present  measurements  all  six  compo- 
nents of  the  stress  tensor  as  a function  of  posi- 
tion have  been  determined.  No  prior  eissump- 
tions  about  orientation  of  the  principal  axis  sys- 
tem and/or  multi-axiality  of  the  residual  stress 
pattern  have  been  made.  The  specimen  is  a 
ring/plug  specimen  made  of  an  1100  type  car- 
bon steel.  Its  overall  diameter  is  50.8  mm.  The 
thickness  and  plug  diameter  both  measure  25.4 
mm.  Both  the  plug  and  the  ring  are  slightly 
tapered  (approximately  0.0175  mm/mm  on  the 
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Figure  4.  Measured  stress  distributions  at  three 
depths  for  one  of  the  four  DOT  plates.  X-ray  deter- 
mined stresses  at  six  points  on  the  surface  are  also 
shown. 
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diameter),  so  the  parts  could  be  pressed  to- 
gether instead  of  thermaUy  shrink  fitted.  Af- 
ter press  fitting  and  measuring  the  increase  in 
overall  diameter,  the  diametrical  interference  be- 
tween ring  and  plug  was  inferred  [6]  to  be  0.114 
nun.  The  specimen  possesses  an  analytically 
predictable  bi-axial  residual  stress  field,  based 
on  the  equations  for  a thermal  shrink  fit.  While 
pressing  the  plug  in  the  hole  no  metallurgical 
changes  take  place  within  the  specimen,  so  the 
stress  free  lattice  parameter  can  be  assumed  to 
be  constant  and  equal  to  its  pre-assembly  value 
throughout  both  parts. 

In  the  steel  disk  we  define  a cylindrical  axis 
system:  r,  0,  and  z corresponcfing  to  the  racfial, 
hoop  and  axial  directions  respectively  (see  Fig. 
5).  The  residual  stress  state  at  a position  in  a 
specimen  is  represented  ly  a tensor  that  con- 
tsdns  six  components:  three  normal  stresses  (cr,., 
ag,  and  cr^)  and  three  shear  stresses  (r,.#,  r^z,  and 
Ttfz).  These  components  are  determined  from 
strain  values  that  are  in  turn  determined  from 
the  Fe-(llO)  lattice  spacings  that  are  measured 
by  means  of  neutron  diffiraction.  The  strain  at  7 
different  specimen  orientations,  equally  cfivided 
over  all  possible  orientations,  is  determined  for 
various  values  of  r and  z in  a plane  of  constant  6. 
The  neutron  beam  apertures  were  chosen  such 
that  the  sampling  volmne  within  the  specimen 
was  about  3x3x3  mm^.  Thus  all  six  compo- 
nents of  the  residual  stress  tensor  are  determined 
as  a function  of  position. 

Measurements  were  made  at  three  different 
depths  (4.0, 12.7,  and  21.4  nun  below  the  surface 
at  which  the  tapered  pin  cross  secrtion  is  largest). 
The  stress  free  lattice  parameter  do  was  deter- 
mined prior  to  assembly.  The  six  components  of 
the  residual  stress  tensor  are  plotted  as  a funo 
tion  of  their  position  in  specimens  in  figure  6. 
To  arrive  at  these  results  the  follcjwing  values 
for  the  diffraction  elastic  constants  [5]  are  used: 
Si=-1.187  TPa-i  and  82/2=5.42  TPa"!.  Also 
drawn  in  figure  6 are  the  stresses  c:alculated  ac- 
cording to  the  ring  plug  shrink  fit  model,  which 
describes  the  experimental  data  very  well.  The 
results  are  mechanically  self  consistent  in  that  all 


Figure  5.  Schematic  of  ring/plug  reference  stress 
si>ecimen. 
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Figure  6.  Measured  stresses  in  ring/plug  specimen. 


applicable  forco  balance  laws  are  satisfied  within 
the  accuracy  of  the  measurements. 

We  conclude  that  the  ring/plug  specimen  ap- 
pears to  be  an  excellent  cancfidate  as  a stan- 
dard to  intercompare  neutron  facilities  and  sub- 
sequently as  a reference  standard  for  other  NDE 
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techniques. 

• Other  Applications 

Powder  metallurgy.  Collaborative  studies 
with  researchers  from  M.I.T.  have  continued  on 
a compacted  iron  powder,  importeuit  for  imder- 
standing  new  powder  metallurgy  techniques.  Al- 
though the  measurements  are  straightforward, 
in  principle,  the  predicted  strains  are  on  the  or- 
der of  100  strain,  which  is  at  about  the  limit 
of  sensitivity  of  the  BT-6  instrument.  This  work 
will  be  resumed  when  the  new  higher  resolu- 
tion, higher  intensity  instnunent  is  operational 
in  FY95. 

Squeeze- cast  metal- ceramic  composites. 
Ceramic-fiber  reinforced  metal-matrix  com- 
posites (MCCs)  are  beginning  to  be  used  in 
applications  requiring  good  strength  at  high 
temperatures,  good  structural  rigidity  and 
dimensional  stability,  light  weight,  and  good 
fabricability.  One  place  that  automotive  engi- 
neers see  enormous  potential  value  for  MCCs 
is  as  piston  head  reinforcements  in  automobile 
engines.  At  present,  questions  relating  to 
residual  stresses  in  the  piston  body,  the  squeeze 
c£ist  reinforced  top  of  the  piston,  and  the  effect 
of  residual  stresses  on  the  performance  of  the 
squeeze-cast  component  must  be  answered. 

We  have  performed  a preliminary  study  of 
GM-provided  aluminum-alloy  matrix  metal  and 
the  alumina/silicate  reinforcement  fiber  preform 
to  determine  if  neutron  diffraction  could  charac- 
terize residual  stresses  in  these  materials.  The 
results  suggest  that  it  should  be  possible  in  the 
alumimun  matrix,  but  unlikely  in  the  ceramic 
fibers  (because  of  relatively  low  intensity  and  the 
complexity  of  the  overlapping  alumina  and  sili- 
cate diffraction  patterns).  Complimentary  mear 
surements  were  also  begim  on  a similar  com- 
posite in  collaboration  with  Materials  Reliability 
Division  scientists. 

• A New  Double- Axis  Spectrometer  for 
Residual  Stress,  Texture,  and  Single- 
Crystal  Analysis  (DARTS) 

The  new  DARTS  is  a multipurpose  neutron 


diftaction  instnunent  that  will  be  installed  in 
1995  on  BT-8.  The  current  status  is  as  follows. 

A basic  US-1  (BNL-design:  Universal  Spec- 
trometer 1)  drum  has  been  modified  to  seifely  al- 
low monochromator  take-off-angles  {26 m)  up  to 
120°  for  residual  stress  measurements.  Textme 
and  single-crystal  diflhaction  will  utilize  a take- 
off angle  of  <-^25°.  A variable  beam  size  limiter 
has  been  built,  which  reduces  the  size  of  the  re- 
actor beam  before  it  enters  into  the  monochro- 
mator drum.  This  is  expected  to  significantly 
reduce  instrument  background  level.  Further- 
more, an  extensive  primary  and  secondary  beam 
handling  system  has  been  designed  and  is  now 
under  construction.  It  allows  a choice  of  poten- 
tial sampling  voliunes  from  25x25x25  mm^  to 
1x1x1  mm^.  The  primary  beam  handling  sys- 
tem slides  in  and  out  of  a plug  that  is  secured  in 
the  monochromator  dnun.  The  diffracted  beam 
system  slides  between  the  counter  and  the  sam- 
ple table.  The  sliding  action  is  meant  to  allow 
for  objects  on  the  sample  table  to  freely  move 
in  space  while  going  from  one  scan  to  another, 
or  even  while  performing  some  classes  of  scans. 
When  required  the  slides  can  accommodate  a set 
of  Soller  slit  blades. 

The  sample  table  has  been  completed  and 
tested.  It  consists  of  an  [x,  y,  z]  translation 
table  with  17  cm  travel  in  all  three  directions. 
The  automated  monochromator  system  with  re- 
mote controlled  rocking,  translation,  etc.,  eind 
four  different  monochromators  (on  an  elevator 
system)  has  been  completed.  Also  an  elevator 
device  to  shift  a pyrolytic  graphite  filter  in  and 
out  of  the  beam  will  be  incorporated.  Its  pur- 
pose is  to  suppress  the  higher  order  wavelengths 
in  the  monochromatized  beam  for  single  crystal 
and  texture  measurements.  A position  sensitive 
detector  system  has  been  received  from  Ordella 
Inc.  (Oak  Ridge,  TN)  and  is  ready  to  be  tested. 
A reidial  collimator  option,  between  the  speci- 
men and  the  detector,  continues  to  be  evaluated. 

On  completion,  DARTS  will  be  a state- 
of-the-art  facility.  The  expected  increase  in 
throughput  for  particularly  residual  stress  mea- 
surements will  be  at  least  a factor  of  five. 
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Neutron  Diffraction  Measurement  of 
Texture 

• Studies  of  Shaped-Charge  Liners 

It  is  well  known  that  the  textures  of  polycrys- 
talline metals  play  a significant  role  in  plasticity 
and  other  important  physical  properties  of  ma- 
terials. However,  the  utilization  of  texture  infor- 
mation for  the  improvement  of  specific  materials 
properties  or  to  the  tailoring  of  fabrication  pro- 
cesses is  not  a common  practice  yet,  partly  be- 
cause of  the  difficulty  of  obtaining  quantitative 
three-dimensional  orientation  distribution  func- 
tions (ODF).  Very  recently,  a comprehensive 
ODF  analysis  program  package,  called  popLA, 
has  been  developed  by  Kallend,  et  al.  [7],  which 
is  now  incorporated  for  routine  use  in  our  anal- 
ysis software. 

As  part  of  a continuing  project  for  DOD, 
complete  three-dimensional  ODFs  of  two  molyb- 
denum shaped-charge  liners,  FM  for  as-forged 
and  RM  for  recrystallized  (1100  °C  for  one 
hour),  were  determined  to  test  for  correlations 
between  the  measured  textures  and  the  macro- 
scopic properties.  Coupons  labeled  FMl  and 
RMl  were  cut  from  the  periphery,  FM2  and 
RM2  from  the  mid-latitude,  and  FM3  and  RMS 
from  near  apex  of  the  hemispherical  liners. 
The  three  pole  figures,  (110)  (200)  and  (211), 
were  measured  over  the  entire  orientation  hemi- 
sphere. 

For  FMl,  the  three  pole  figures  showed  or- 
thorhombic sample  symmetry.  The  orientation 
distribution  function  (ODF)  was  analyzed  from 
the  three  pole  figures  with  orthorhombic  sample 
symmetry,  using  the  WIMV  method  of  the  pro- 
grm  popLA.  For  FM2,  the  experimental  pole  fig- 
ures showed  a slight  deviation  from  orthorhom- 
bic symmetry.  Therefore,  the  ODF  was  einal- 
ysed  with  the  triclinic  sample  symmetry.  For 
FM3,  the  raw  experimental  pole  figures  showed 
features  quite  different  from  the  other  two  sam- 
ples. In  the  case  of  the  uniaxial  compression 
including  the  hemispherical  forging,  the  texture 
of  the  sample  near  the  apex  is  expected  to  have 
a mirror-symmetric  profile  about  the  mean  ra^ 


dial  direction,  but  not  about  the  transverse  di- 
rection. The  pole  figures  were  rotated  by  33  de- 
grees to  satisfy  the  radial  fiow  symmetry.  Us- 
ing the  rotated  pole  figures,  the  ODF  was  ob- 
tained with  triclinic  sample  symmetry.  The  ma- 
jor textures  found  in  the  FM3  were  (lll)-fiber 
and  {013}  <031>. 

The  pole  figures  of  RMl  were  clearly  differ- 
ent from  those  of  FMl,  with  high-density  lo- 
calized peaks  and  with  a slight  deviation  from 
the  orthorhombic  symmetry.  The  ODF  was  ob- 
tained by  using  the  the  triclinic  sample  symme- 
try. For  RM2,  the  pole  figures  were  similar  to 
those  of  the  FM2  sample.  The  ODF  were  ob- 
tedned  by  using  the  triclinic  sample  symmetry. 
For  RM3,  the  pole  figures  were  very  similar  to 
those  of  the  FM3  sample.  The  ODF  were  ob- 
tained by  using  the  triclinic  sample  symmetry 
option  because  of  the  observed  monoclinic-type 
sample  symmetry. 

This  study  indicates  that  the  textures  de- 
veloped in  the  as-forged  hemispheric  liner  are 
highly  dependent  on  the  radial  distance  from 
the  apex.  A relatively  mild  degree  of  tex- 
ture formation,  consisting  of  the  (111)  fiber  and 
(013)  <031>  sheet-type,  was  found  in  the  near- 
apex position.  In  the  mid-latitude,  the  texture 
strength  was  slightly  increEised,  retaining  the 
(111)  fiber  and  adding  (100)  <010>  cube  texture 
and  (118)  <801  >.  The  texture  was  developed 
to  the  highest  strength  at  the  periphery  of  the 
liner,  where  the  (111)  fiber  persist  with  moder- 
ate strength  and  the  (001)  fiber  gained  strength. 
Two  strong  sheet-type  textmes,  (001)  <110> 
and  (118)<110>,  were  found  in  the  periphery 
of  the  liner.  When  the  forged  liner  was  heat- 
treated  at  1100  C for  one  hour,  the  textures 
at  the  apex  and  mid-latitude  region  remained 
almost  the  same,  but  those  at  the  periphery 
changed,  with  disappearance  of  the  fiber-type 
and  new  formation  of  several  strong  sheet-type 
textures,  such  as  (118)  <110>  (001)  <110>  and 
(111)  <257>.  The  texture  strength  at  the  pe- 
riphery was  exceptionally  large  because  of  the 
unusually  strong  (118)<110>  recrystallization 
texture.  The  major  texture  components  of  the 
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Tkble  1.  Major  texture  components  and  their  peak  intensity  (in  multiples  of  random  [mrd]  units)  of  the 
three  as-forged  (FM)  samples  compared  with  those  of  the  recrystallized  (RM)  samples.  The  (111)  and 
(100)  fiber-axes  in  the  table  are  oriented  perpendicularly  to  the  liner  surface.  The  pole  density  enclosed 
in  parentheses  indicates  that  the  texture  component  is  a part  of  the  corresponding  fiber  texture.  The  pole 
densities  marked  with  correspond  to  intensity  less  than  2 mrd. 


Texture 

FMl 

RMl 

FM2 

RM2 

FM3 

RM3 

(lll)-fiber 

6 

2 

6 

4 

4 

5 

(111)<101> 

8 

(2) 

(6) 

(4) 

(4) 

(5) 

(111)<257> 

(6) 

6 

8 

7 

(4) 

(5) 

{001}-fiber 

4 

- 

2 

- 

- 

_ 

{001}<110> 

20 

13 

(2) 

- 

- 

- 

{001}<100> 

(4) 

- 

7 

8 

- 

- 

(118)<801> 

- 

- 

4 

7 

- 

- 

(118)<110> 

17 

50 

- 

- 

- 

- 

(013)<031> 

- 

- 

- 

- 

5 

5 

Tex.  strength 

2.1 

2.9 

1.6 

1.5 

1.5 

1.7 

six  samples  are  summarized  in  Table  1. 

• Texture  in  SiC-Al  Composites. 

Textures  of  two  SiC/Al  composite  speci- 
mens, one  with  30  wt%  SiC  and  other  with  15 
wt%  SiC,  were  studied.  Three  pole  figures  of 
SiC  wiskers  in  the  composite,  (004),  (100),  zind 
(106),  were  measured  based  on  the  hexagonal 
cell  with  a=3.076  A and  c=15.12  A.  The  ODFs 
were  calculated  from  the  three  pole  figures  using 
the  program  popLA.  All  the  experimental  pole 
figures  and  the  calculated  inverse  pole  figmes  in- 
dicated that  the  SiC  phase  has  a typical  (001) 
fiber-texture  with  the  fiber  axis  oriented  parallel 
to  the  cylinder  axis. 

In  £in  ideal  fiber-texture,  the  (001)  fiber-axes 
distribution  may  be  represented  by  a 1-d  distri- 
bution, P(a;),  where  x is  the  tilt  angle  measmed 
from  the  fiber-axis  direction.  The  2-d  distri- 
bution of  the  (004)  pole  figure  was  reduced  to 
a 1-d  distribution  by  circular  averaging  of  the 
densities  at  a given  tilt  angle.  The  1-d  distribu- 
tion was  fitted  to  Pseudo- Voigt  function,  F(X), 


Tkble  2.  The  results  of  the  fiber-texture  analysis  of 
30%  and  15%  SiC/Al  composite  samples,  based  on 
the  Pseudo-Voigt  function  type  distributions.  The 
p)arameter  eta  is  the  Lorentzian  fraction. 


30%SIC 

15%SiC 

eta 

0.69 

0.73 

FWHM(O) 

27.9 

21.2 

(001)  % 

91 

90 

(203)  % 

9 

10 

with  double  fiber  texture  with  a strong  (001)- 
fiber  and  a weak  (203)-fiber  (about  10%  of  the 
(001)  in  peak  height)  for  the  two  samples.  Simi- 
larly, the  distribution  of  the  ND  direction  (cylin- 
der axis  direction  in  the  sample)  in  the  crystal 
system  was  obtained  from  the  ND  inverse  pole 
figure,  in  the  form  of  a 1-d  distribution.  If  the 
ODF  is  correct,  the  fiber-axes  distributions  in 
the  sample  system  should  be  identical  to  the  ND 
distribution  in  the  crystal  system.  The  two  dis- 
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tributions  were  normalized  to  the  random  distri- 
bution (mrd  unit)  and  compared  in  Table  2.  The 
same  result  was  obtained  for  the  15%  sample. 

Neutron  Autoradiography  of  Paintings 

A number  of  paintings  were  studied  in  FY94. 
This  included: 

St.  Sebastian  Tended  by  Irene  (Circle  of 
Georges  de  La  Tour),  Kimbell  Art  Museum; 
Cheat  with  the  Ace  of  Clubs  by  Georges  de  La 
Tour,  Kimbell  Art  Museum;  a test  painting  for  a 
feasibility  study.  National  Gallery  of  Art;  Land- 
scape, OCI  collection. 

The  main  effort,  however,  was  in  the  area  of 
instrumentation.  One  of  the  limitations  to  the 
traditional  autoradiography  method  is  that  be- 
cause of  the  low  efficiency  in  using  radiographic 
film  as  the  radiation  recording  medium,  only 
about  a dozen  working  autoradiographs  may  be 
produced  during  the  typical  two  month  study 
period  before  the  induced  radioactivity  in  the 
peunting  is  reduced  to  background  levels  again. 
Often,  an  accurate  distribution  of  elements  can- 
not be  obtained  in  that  there  are  too  few  data 
points  available  to  distinguish  the  effects  from 
different  elements.  Furthermore,  the  limited  dy- 
namic range  and  the  non-linear  nature  of  film 
response  to  radiation  make  quantitative  analy- 
sis difficult. 

Gamma  ray  spectroscopy  is  used  instead  to 
determine  the  quantity  of  elements  present  in 
the  painting  without  knowing  their  exact  lo- 
cations. Elements  such  as  phosphorus  which 
emits  no  gamma  rays  cannot  be  determined  by 
the  gamma  ray  method  at  all.  A sensitive  lin- 
ear responding  radiation  detector  with  high  spar 
tial  resolution  is  needed  as  a film  replacement 
if  one  is  to  attempt  to  examine  the  elemen- 
tal composition  at  any  location  on  the  paint- 
ing. The  recently  developed  photostimulable 
storage  phosphor  imaging  plate  is  such  a de- 
tector that  has  been  well-proven  in  biomedical 
research.  The  imaging  plate  has  been  shown 
to  be  10  to  100  times  more  sensitive  to  radiar 
tion,  particularly  to  charged  particles,  thsin  the 
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Figure  7.  Radioactivity  vs.  time  with  new  detec- 
tors. 

fastest  x-ray  film/scintillation  screen  system.  It 
exhibits  a wide  dynamic  range  (>10^)  with  ex- 
cellent linearity.  An  experiment  was  conducted 
on  a landscape  painting  (10”  x 14”,  oil  on  ma- 
sonite, private  collection)  to  test  the  feasibility 
of  autoradiographic  study  of  paintings  employ- 
ing a storage  phosphor  imaging  system.  A Fuji 
Bio-Imager  2000  imaging  system  was  kindly  pro- 
vided to  us  by  Fuji  Medical  System,  USA. 

The  landscape  painting  was  placed  in  the 
NIST  reactor  thermal  colrnnn  painting  activa- 
tion port  for  10  min  at  15  MW,  a reduction  from 
the  normal  20  min  activation  time.  Following 
the  activation,  55  time  exposures  were  carried 
out  on  the  painting  with  the  storage  phosphor 
imaging  plates  over  a period  of  2 months.  Fig- 
ure 7 shows  the  radioactivity  decay  history  of  a 
small  dark  brown  area  at  the  upper  right  heind 
comer  of  the  painting.  The  decay  history  is  a 
time  plot  of  the  measured  radioactivity  of  the 
selected  area  as  extracted  from  individual  phos- 
phor imager  autoradiographs.  MathematicaUy, 
the  decay  history  can  be  expressed  as 

A(t)  = aie"'^‘  ‘+a2e"-'2  '+... 
where  A(t)  denotes  the  radioactivity  of  the  se- 
lected area  at  time  t after  neutron  activation. 
The  letter  “i”  is  the  number  of  different  elements 
used  in  the  painting  that  could  be  detected  by 
the  neutron  activation  method.  Depending  on 
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the  complexity  of  the  palette  that  the  artist  used 
“f”  could  be  as  high  as  20  or  25.  The  values  of 
Xi  represent  the  known  characteristic  decay  con- 
stants for  each  type  of  element /isotope  in  the 
painting  and  ’a’  is  identified  with  the  radioactiv- 
ity of  each  element /isotope  in  the  selected  area 
at  the  end  of  peiinting  activation  when  t=0.  The 
amoimt  of  each  different  element  in  the  selected 
area  can  be  converted  from  the  corresponding 
value  of  ’a’  from  a well-established  data  base  . 
Assuming  a library  of  20  elements,  one  can  se- 
lect 20  different  time  values  on  the  decay  his- 
tory curve  to  form  20  independent  linear  equa^ 
tions  for  the  solving  of  {ai....a2o}*  Values  for 
{ai....a2o}  can  also  be  derived  graphically  on  the 
decay  history  curve.  The  data  from  the  selected 
small  brown  area  has  been  analyzed  graphically 
to  consist  of  the  following  elements: 


Element 

Weight  (...g) 

Antimony 

20 

Phosphorus 

32 

Gold 

2 

Arsenic 

6 

Sodium 

36 

Msinganese 

42 

Chlorine 

87 

The  results  of  this  experiment  prove  that 

the  composition  of  a painting  can  be  analyzed 
by  neutron  activation  digital  autoradiography, 
and  if  this  analytical  approach  were  expeinded, 
it  would  enable  the  entire  painting  to  be  re- 
constructed by  means  of  elemental  distributions. 
This  method  overcomes  the  limitations  of  x-ray 
radiography  or  traditional  film-based  autoradio- 
graphy, making  possible  the  point-by  point  anal- 
ysis of  any  area  of  the  painting  wherein  the 
location  or  distribution  of  any  element  can  be 
mapped  out.  Computer  software  development 
for  this  program  is  continuing.  An  automated 
data  analysis  system  is  envisioned  to  generate  el- 
emental distribution  profiles  for  the  entire  paint- 
ing. We  are  also  begining  to  study  the  possibil- 
ity of  using  the  storage  phosphor  imaging  plate 
for  neutron  detection  for  neutron  scattering  and 
diffraction  experiments. 
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Nuclear  Methods  Group 

The  development  and  application  of  nuclear 
analytical  techniques  for  elemental  composi- 
tional analysis  with  greater  accuracy,  higher  sen- 
sitivity and  better  selectivity  are  the  goals  of  the 
Nuclear  Methods  Group.  A high  level  of  com- 
petence has  been  developed  in  both  instrumen- 
tal and  radiochemical  neutron  activation  analy- 
sis (INAA  and  RNAA).  In  addition,  the  group 
has  pioneered  the  use  of  neutron  beams  as  anar 
lytical  probes  with  both  prompt  gamma  activa- 
tion analysis  (PGAA)  and  neutron  depth  profil- 
ing (NDP).  PGAA  measures  the  total  amoimt  of 
an  analyte  present  throughout  a sample  by  the 
analysis  of  the  prompt  gamma-rays  emitted  dur- 
ing neutron  capture.  NDP,  on  the  other  hand, 
determines  concentrations  of  several  important 
elements  (isotopes)  as  a function  of  depth  within 
the  first  few  micrometers  of  a surface  by  en- 
ergy analysis  of  the  prompt  charged-particles 
emitted  during  neutron  bombardment.  These 
techniques  (INAA,  RNAA,  PGAA,  and  NDP) 
provide  a powerful  combination  of  complemen- 
tary tools  to  address  a wide  variety  of  analyti- 
cal problems  of  great  importance  in  science  and 
technology.  During  the  past  few  years,  a large 
part  of  the  group’s  efforts  has  been  directed  at 
the  exploitation  of  the  analytical  applications  of 
the  guided  cold-neutron  beams  available  at  the 
new  Cold  Neutron  Research  Facility  (CNRF)  at 
the  NIST  reactor.  The  group’s  involvement  has 
been  to  design  and  construct  state-of-the-art  in- 
struments for  both  PGAA  and  NDP  using  cold 
neutrons,  while  retaining  and  utilizing  our  exist- 
ing expertise  in  INAA  and  RNAA. 

• SRM  Analysis  and  Certification 

The  nuclear  analytical  methods  have  con- 
tinued to  contribute  to  the  Standard  Reference 
Material  (SRM)  certification  effort.  This  year’s 
efforts  include  measurements  performed  on  a 
number  of  SRMs  including:  Typical  (human) 
Diet,  Petroleum  Coke,  Chlorine  in  Lubricating 


Oils,  Estuarine  Sediment,  Mussel  Tissue,  and 
Household  Dust.  Group  members  are  serving 
as  Technical  Champions  for  a number  of  new 
SRMs,  £tnd  as  such  are  responsible  for  scientific 
decisions  made  throughout  the  production  and 
certification  process  of  these  materials.  Several 
highlights  of  the  group's  SRM  work  this  year  are 
described  below. 

Three  nuclear  analytical  techniques  (INAA, 
RNAA,  and  PGAA)  have  been  used  to  deter- 
mine a total  of  23  different  elements  in  the  food 
reference  material  SRM  1548a,  Typical  Diet. 
This  reference  material  was  developed  with  the 
cooperation  of  the  Department  of  Agriculture 
and  the  Food  and  Drug  Administration,  to  pro- 
vide a composite  material  containing  all  the 
components  of  a “typical”  U.S.  diet.  Thirteen 
elements  were  determined  by  INAA,  and  seven 
elements  each  were  determined  by  RNAA  and 
PGAA.  The  results  for  foiu:  of  the  elements 
were  obtained  from  two  different  nuclear  analyt- 
ical techniques.  Of  the  23  elements  determined, 
seven  elements  were  at  the  percent  concentra- 
tion level,  eight  elements  at  the  mg/kg  level, 
seven  elements  at  the  //g/kg  level,  and  one  ele- 
ment W£LS  below  the  detection  limit  of  one  /xg/kg. 

Another  SRM  that  has  been  studied  exten- 
sively this  year  is  the  Estuarine  Sediment,  SRM 
1646a.  Both  the  INAA  and  RNAA  techniques 
have  been  used  to  analyze  this  material,  with  a 
total  of  14  elements  determined.  Ten  elements 
have  been  determined  using  INAA  and  five  using 
RNAA,  with  one  element  determined  by  both 
techniques.  One  element,  Eintimony,  appears  to 
be  inhomogeneous  in  this  matrix.  Of  the  rest, 
the  INAA  data  have  average  uncertainties  of 
2.3%  (95%  confidence  interval).  The  RNAA  re- 
sults have  average  uncertainties  of  5.5%,  with 
three  of  the  five  elements  determined  at  the  ul- 
tratrace concentration  level. 

During  the  past  year,  cold  neutron  depth 
profiling  has  been  used  to  complete  the  cer- 
tification of  the  concentration  in  the  new 
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Boron  Implant  in  Silicon  (SRM  2137).  This 
is  the  first  SRM  of  its  type  available  to  semi- 
conductor manufacturers  and  analytical  laborer 
tories.  This  SRM,  consisting  of  1 cm^  silicon 
wafer  pieces,  is  intended  for  the  calibration  of 
secondary  ion  mass  spectrometry  (SIMS)  instru- 
ments, and  is  particularly  important  in  semicon- 
ductor research  and  development  applications. 
The  SRM  has  been  certified  to  contain  1.018 
X lO^^atoms/cm^  of  with  an  uncertainty  of 
0.035  X lO^^atoms/cm^.  The  depth  distribution 
of  the  boron  implant  has  been  measured  by  NDP 
and  has  also  been  studied  by  the  Microanaly- 
sis Group  of  NIST  using  SIMS,  and  this  infor- 
mation is  also  provided  on  the  certificate.  The 
improved  neutron  fiuence  rates  of  the  CNRF, 
combined  with  the  recent  developments  in  neu- 
tron focusing,  will  enable  the  NDP  instrument  to 
be  used  to  develop  additional  SRMs  containing 
lower  concentrations  of  dopants  that  are  critical 
to  quality  assurance  measurements  in  the  semi- 
conductor community. 

• Neutron  Activation  Analysis  Method 
Development 

Although  NAA  has  been  in  use  for  many 
years,  new  developments  continue  to  provide  im- 
provements in  detection  sensitivities,  elemental 
specificity,  precision,  and  overall  accuracy.  Par- 
ticularly in  the  last  few  years,  the  NAA  tech- 
nique has  become  one  of  the  primary  analytical 
techniques  for  the  certification  of  elemental  con- 
centrations in  biological  SRMs.  One  important 
reason  is  that  NAA  has  unique  quality  assur- 
ance characteristics  that  provide  accurate  anal- 
yses and  which  often  allow  the  analytical  val- 
ues obtained  to  be  internally  evaluated  and  cross 
checked.  In  addition,  the  capability  of  INAA  for 
nondestructive  analyses  (eliminating  dissolution 
errors)  and  for  homogeneity  determinations  at 
the  ^g/kg  level  for  sample  sizes  as  low  as  100 
mg  has  made  this  technique  an  integral  compo- 
nent of  trace  element  analyses  at  NIST.  Further- 
more, the  relative  matrix  independence  of  NAA 
has  resulted  in  applications  to  a wide  variety  of 
materials  including  high  temperature  supercon- 


ductors, soils,  fly  ash,  rocks  and  ores,  and  foods. 

Optimizing  the  gamma-ray  coimting  condi- 
tions for  the  various  forms  of  NAA  can  gener- 
ally improve  precision,  increase  sample  through- 
put, or  both.  This  is  especially  important  when 
counting  the  very  small  amount  of  radioactivity 
produced  by  ultratrace  quantities  of  impurities, 
for  example  in  semiconductor  silicon  or  (after 
radiochemical  separations)  noble  metals  in  hu- 
man tissue.  Sensitivity  can  be  gained  by  using 
high-efficiency,  low-background  detectors;  a sub- 
sidiary benefit  is  that  less  radioactive  material 
needs  to  be  generated,  handled,  and  discarded. 
The  sources  of  background  in  gamma-ray  detec- 
tors have  been  reexamined  at  NIST  and  else- 
where in  recent  ye£irs,  resulting  in  improved  \m- 
derstanding.  It  is  now  clear  that  with  care  in  the 
selection  of  the  materials  from  which  the  detec- 
tor and  the  shielding  are  constructed,  the  only 
important  source  of  gamma-ray  backgroimd  is 
the  interaction  of  cosmic  ray  particles  with  the 
shield  and  the  detector  itself.  Experiments  are 
imderway  to  reduce  this  component  by  active, 
anti-cosmic  ray  shielding. 

A new  computer-controlled  robotic  sample 
changer  (RSC)  has  been  extensively  evaluated 
and  optimized,  and  is  being  effectively  utilized 
in  the  certification  of  a variety  of  SRMs,  as  well 
as  for  other  INAA  and  RNAA  measurements. 
This  system  provides  the  capability  for  continu- 
ous utilization  of  a detector  system,  and  is  capa- 
ble of  precisely  positioning  eight  different  types 
of  sample  containers,  ranging  from  a 100  ml 
polyethylene  screw-top  bottle  (used  for  radio- 
chemically  separated  samples)  to  a “2/5  dram” 
polyethylene  snapeap  vial,  or  a 54  mm  diam- 
eter disposable  plastic  Petri  dish.  The  system 
now  provides  a reliable  and  repeatable  position- 
ing uncertainty  of  ±0.51%  (Is;  n=12)  at  3 mm 
distance  from  the  detector,  and  0.25%  (Is)  for  a 
5 cm  counting  geometry.  This  system  has  been 
used  this  past  year  to  provide  data  for  the  certi- 
fication of  including  SRM  1548a,  Typical  Diet, 
and  SRM  1646a,  Estuarine  Sediment. 

A new  pneumatic  tube  system  has  been  de- 
signed and  is  currently  being  constructed  for  in- 
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sertion  into  the  NIST  nuclear  reactor.  This  fast 
pneumatic  tube  wiU  propel  the  sample  out  of 
the  irradiation  facility  and  into  the  counting  lo- 
cation in  0.5  s or  less,  allowing  the  determination 
of  nuclides  with  half-lives  as  low  as  one  second. 
This  facility  will  provide  NIST  with  the  capabil- 
ity for  accurately  determining  fluorine  through 
s)  at  low  levels.  Another  im- 
provement will  be  to  the  determination  of  sele- 
nium through  ^“Se(ti/2=17.4  s),  along  with  the 
possibility  of  measuring  lead  (at  elevated  levels) 
using  ^®^“Pb(ti/2=0*8  s).  The  irradiation  facil- 
ity will  have  two  insertion  locations,  one  with 
a highly  thermalized  neutron  spectrum  like  our 
other,  slower  pneumatic  tube  systems,  and  the 
second  will  be  in  a location  having  a high  ep- 
ithermal component  to  the  neutron  spectrmn. 
This  second  location  offers  the  possibility  of  sub- 
stantially improving  sensitivity  for  the  determi- 
nation of  iodine  and  other  elements  with  high 
resonance  integrals.  It  is  hoped  that  the  en- 
tire irradiation  terminal  (currently  being  con- 
structed by  an  outside  contractor)  will  be  ready 
for  insertion  into  the  reactor  before  the  end  of 
the  current  shutdown  period  in  the  spring  of 
1995. 

• Specimen  Bank  Research 

The  National  Biomonitoring  Specimen  Bank 
Research  Project  (NBSB)  was  established  at 
NIST/NBS  more  than  a decade  ago,  and  con- 
tinues to  support  other  government  agencies’ 
progr£ims  through  banking  and  providing  qual- 
ity assurance  (QA).  These  programs  include 
the  EPA  Human  Liver  Project  (HLP),  the 
NOAA  National  Status  and  Trends  (NS&T) 
program,  the  NCI  Micronutrient  Program,  the 
lAEA/NIST/FDA/USDA  Total  Diet  Study,  the 
NOAA  Alaska  Marine  Mammal  Tissue  Archival 
Project  (AMMTAP),  and  the  National  Marine 
Mammal  Tissue  Bank  (NMMTB).  Research  has 
centered  on  specimen  banking  protocols  and  im- 
proved analytical  methodology.  The  group  uses 
instrumental  and  radiochemical  neutron  Eictiva- 
tion  analysis  to  determine  element  compositions 
of  tissues  included  in  the  National  Biomonitor- 


ing Specimen  Bank  (NBSB).  In  addition,  the 
NIST  participation  in  intercalibration  exercises 
with  the  project  laboratories,  and  the  develop- 
ment of  QA  materials  for  various  marine  anal- 
yses, has  helped  to  enhance  the  quality  of  the 
analytical  results  used  in  the  assessment  of  the 
environmental  health  of  the  nation. 

Dining  the  past  year  liver  samples  from  24 
marine  mammals  have  been  coUected,  processed, 
and  archived  in  the  NBSB  for  the  NMMTB 
and  AMMTAP.  Instrumental  neutron  activation 
analysis  (INAA)  was  chosen  for  the  analysis  of 
some  of  these  banked  specimens  because  of  the 
relative  ease  with  which  a large  number  of  el- 
ements can  be  determined  in  a small  amount 
of  material.  Concentrations  for  up  to  38  ele- 
ments were  measured  in  liver  tissues  from  one  pi- 
lot whale,  four  white-sided  dolphins,  four  ringed 
seals,  and  two  bearded  seals.  Mercury  was  deter- 
mined in  tissues  from  six  ringed  seals,  two  har- 
bor porpoise,  two  bowhead  whales,  one  bearded 
seal,  and  one  spotted  seal,  and  one  belukha 
whale.  Results  of  these  analyses,  in  combina- 
tion with  results  of  previous  analyses  on  addi- 
tional animals  and  with  information  concerning 
the  age  of  each  animal,  show  that  several  trace 
elements  bioaccumulate  in  liver  tissue.  Our  data 
supports  the  concept  that  mercury  and  selenium 
accumulate  with  age  in  liver  tissue,  as  has  been 
reported  by  several  researchers  over  the  past  two 
decades.  Concentrations  of  both  of  these  el- 
ements increase  with  age  for  the  pilot  whales, 
ringed  seals,  and  belukha  whales. 

Because  of  the  large  number  of  elements  that 
can  be  determined  using  INAA,  we  were  able 
to  discover  that  silver  and  vanadium  also  accu- 
mulate in  liver  tissues.  These  findings  were  not 
previously  reported  in  the  literature,  probably 
because  most  researchers  did  not  measure  these 
elements.  Hepatic  silver  concentrations  increeise 
with  age  for  ringed  seals,  belukha  whales,  2Uid 
pilot  whales.  For  the  Alaska  marine  mammals, 
hepatic  vanadium  increases  with  age.  Vanadium 
levels  in  livers  of  marine  mammals  from  the  east 
coast  are  much  lower  than  those  measured  in  the 
Alaska  mammals  and  show  no  correlation  with 
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age.  The  presence  of  vanadium  in  the  liver  tis- 
sues of  Alaskan  mammals  may  indicate  the  pres- 
ence of  oil  in  the  Alaskan  environment,  geochem- 
ical differences  between  Atlantic  and  Alaskan 
waters,  or  differences  in  the  diets  of  animals  from 
these  two  regions.  Further  research  will  include 
analyses  of  additional  marine  mammal  tissues 
from  both  geographic  regions  and  will  include 
analysis  of  tissues  from  different  species. 

• Neutron  Activation — Mass  Spectrom- 
etry 

The  collaboration  on  neutron  activation- 
mass  spectrometry  (NA-MS)  with  Brian  Clarke 
and  colleagues  at  McMaster  University  contin- 
ues to  provide  valuable  information  on  ultrar 
trace  levels  of  boron  and  lithium  in  a variety 
of  materials.  NA-MS  uses  neutron  irradiation 
to  generate  ^He  and  ^He  from  and  ®Li,  and 
high-precision  He  mass  spectrometry  to  deter- 
mine the  concentration  of  each  element.  The 
thermal  neutron  irradiation  facilities  at  NIST 
offer  the  best  combination  of  a high  thermal- 
neutron  fluence  and  a very  low  level  of  fast  neu- 
trons to  greatly  reduce  the  interfering  nuclear 
reactions  produced  by  fast  neutrons. 

Many  non-nuclear  analytical  techniques  face 
a series  of  problems  in  measuring  low-levels  of 
boron  and  lithium  including  contamination  con- 
trol (blank),  volatility  and,  in  some  cases,  insuf- 
ficiently low  detection  limits.  NA-MS  is,  how- 
ever, well  suited  to  an  investigation  of  the  nat- 
ural levels  of  boron  and  lithium  at  low  levels, 
such  as  in  biomaterials.  Over  the  past  few  years 
we  have  determined  B and  Li  concentrations  in 
a wide  variety  of  biological  materials,  including 
more  than  one  hundred  individual  food  items, 
as  well  as  several  different  protein  components 
of  blood.  Blood  Li  levels  may  be  both  genet- 
ically and  environmentally  regulated.  An  en- 
vironmental contribution  can  be  deduced  from 
the  relationship  between  the  blood  Li  level  and 
the  amoimt  of  the  element  ingested.  No  such 
information  is  available  for  B,  another  element 
present  in  ultratrace  amoimts  in  human  blood. 
Unusually  high  levels  of  Li  and  B in  the  surface 


waters  off  northern  Chile  offer  an  opportiuiity 
to  study  the  genetic  and  environmental  regula- 
tion of  these  elements  in  the  blood  of  healthy 
subjects. 

Research  is  currently  underway  for  the  fur- 
ther optimization  the  NA-MS  technique,  and 
open  new  applications  in  the  semiconductor  in- 
dustry, particularly  in  the  area  of  low-level  boron 
determination.  Detection  limits  in  the  fig/kg 
range  for  boron  and  in  the  ng/kg  range  for 
lithiiun  are  expected  in  the  near  future. 

• Superconductivity  Research 

The  group  has  undertaken  an  active  role  in 
the  NIST  program  on  high-temperature  super- 
conductivity reseEirch.  In  cooperation  with  ma- 
terials scientists  at  NIST  and  elsewhere,  we  are 
measiiring  impurities  in  superconductor  start- 
ing materials  and  final  products,  as  well  as  de- 
termining the  stoichiometry  of  the  major  con- 
stituents. The  needs  of  the  superconductiv- 
ity program  have  stimulated  the  development 
of  methods  for  accurate,  rapid  analysis  of  these 
materials  by  both  NAA  and  PGAA.  In  particu- 
lar, an  effort  is  miderway  to  establish  monitor- 
activation  analysis  techniques  at  NIST.  Conven- 
tional NAA  requires  the  irradiation  and  coimt- 
ing  of  a standard  for  each  element  to  be  de- 
termined in  a given  sample.  Preparing  numer- 
ous standard  solutions  requires  much  labor,  and 
the  accmate  quantitation  of  unanticipated  ac- 
tivities in  the  ganrnia  spectrum  is  not  possible. 
An  elegant  solution  has  been  pioneered  in  Eu- 
rope, which  uses  a dimensionless  compound  nu- 
clear constant  called  ko,  which  can  be  measured 
much  more  accurately  than  the  cross  sections 
and  other  constants  that  comprise  it.  We  have 
begun  to  apply  this  approach  to  cold-neutron 
PGAA,  which  is  especially  subject  to  system- 
atic errors  from  neutron  scattering  effects,  and 
have  foimd  that  the  k©  approach  for  determining 
element  ratios  offers  all  the  advantages  that  in- 
ternal stfuidards  offer  other  methods.  We  intend 
to  apply  the  ko  formalism  to  traditional  NAA  as 
well. 
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• Neutron  Depth  Profiling 

Incremental  improvements  in  the  NDP  in- 
strument are  continually  being  made.  One  of 
the  requirements  for  the  determination  of  the 
reaction  depth  in  NDP  is  the  ability  to  measure 
the  residual  energy  of  the  charged  particles  accu- 
rately. Silicon  surface  barrier  detectors  used  at 
room  temperature  are  limited  to  about  10  keV 
FWHM  resolution  at  the  charged  particle  ener- 
gies of  interest.  We  are  currently  collaborating 
with  Prof.  Emile  Schweikert  and  John  Welsh, 
Jr.  of  Texas  A&M  University  to  improve  the 
depth  resolution  by  using  time-of-flight  (ToF) 
techniques.  The  residual  energy  of  the  heavy 
recoil  particle  is  measured  by  ToF  using  mi- 
crochannel  plate  detectors.  Initial  efforts  are  be- 
ing focused  towards  profiling  nitrogen  distribu- 
tions in  semiconductor  materials.  Preliminaiy 
experiments  have  demonstrated  that  resolutions 
approaching  a few  nanometers  are  feasible,  and 
the  use  of  the  ToF  method  for  depth  profiling  of 
N has  begun. 

The  characterization  of  a variety  of  diamond 
and  diamond-like  films  continues  to  be  of  major 
interest  to  users  of  the  NDP  facility.  Diamond- 
like substrates  are  used  as  precursors  for  elec- 
tronic circuits  that  require  efficient  heat  trans- 
fer, such  as  devices  operated  in  a vacuum  or  with 
high-current  components.  Boron  nitride  is  one 
dieimond-like  material  ideally  suited  for  analy- 
sis using  NDP.  NDP  is  currently  being  used  to 
establish  the  stoichiometry  of  the  nitrogen  and 
boron  in  the  matrix,  and  reveal  non-uniformities 
in  the  film  deposition  profile.  Collaborations 
with  the  Pennsylvania  State  University  on  va- 
por deposited  diamond  and  boron  nitride  films 
are  part  of  the  Ph.D.  thesis  of  Laurie  Hacken- 
berger. 

Analyses  have  also  been  performed  to  deter- 
mine the  boron  and  nitrogen  dopant  distribu- 
tion in  a single  layer,  and  in  alternately  doped 
multilayer  deposits.  Thin  film  analysis  demands 
greater  depth  resolution  be  extracted  from  the 
data  from  NDP  analysis.  Kevin  Coakley  of  the 
Statistical  Engineering  Division  has  developed 
mathematical  approaches  for  interpreting  the  di- 


amond film  data  and  furthermore  has  provided 
insights  for  optimizing  the  placement  of  the  de- 
tectors and  apertures  to  maximize  the  depth  res- 
olution. 

Jeff  Blackmon,  a graduate  student  of  the 
University  of  North  Carolina  working  with  us, 
has  applied  the  NDP  technique  to  the  measure- 
ment of  the  ^^0(p,  alpha)  ^^N  cross  section  near 
Ep=70  keV.  He  has  been  able  to  determine  the 
concentration/ depth  distribution  of  the  us- 

ing NDP,  and  the  equally  important  boron  con- 
centration. Boron  is  involved  in  a competing 
nuclear  reaction  that  interferes  with  analysis  of 
the  oxygen.  The  cross  section  determina- 
tion is  important  for  the  imderstanding  of  the 
life  cycle  of  stars.  Jeff  received  his  Ph.D.  in  late 
1994  and  has  submitted  a paper  for  publication 
on  this  topic. 

• Prompt-Gamma  Activation  Analysis 

This  has  been  a particularly  productive  year 
for  prompt-gamma  activation  analysis  (PGAA) 
at  NIST.  PGAA  allows  accurate,  nondestruc- 
tive measurements  of  a number  of  elements,  in- 
cluding H,B,C,N,S,  and  Cd.  Recent  improve- 
ments to  the  cold  neutron  prompt  gamma  ac- 
tivation analysis  (CNPGAA)  instrument,  con- 
structed as  part  of  the  CNRF,  have  greatly  im- 
proved its  measurement  capabilities.  Further- 
more, both  the  CNPGAA  and  University  of 
Maiyland-NIST  thermal-neutron  PGAA  instru- 
ments have  found  research  applications  in  many 
diverse  areas  within  chemistry,  physics,  and  ma- 
terials sciences. 

The  additions  of  an  atmosphere-controlled 
sample  chamber  and  a bismuth  germanate 
(BGO)  Compton  shielding  detector  to  the 
CNPGAA  instrument  have  had  a significant  im- 
pact on  measurements.  Installation  of  the  sam- 
ple chamber,  a magnesium  alloy  box  that  may  be 
fiushed  with  helium  or  evacuated,  has  resulted  in 
the  elimination  of  gamma^ray  backgroimd  from 
atmospheric  nitrogen  and  reduction  of  the  hy- 
drogen background  by  a factor  of  two.  The  addi- 
tion of  the  BGO  Compton  shield  hzis  reduced  the 
spectrum  baseline  by  up  to  a f2w:tor  of  six,  yield- 
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ing  lower  signal-to-noise  ratios  and  improved  de- 
tection limits. 

Over  the  last  few  years,  a major  effort 
has  been  directed  at  improving  our  measure- 
ment capability  for  low  levels  of  hydrogen  using 
CNPGAA.  This  capability  is  of  great  value  in 
numerous  applications  where  quantitative,  non- 
destructive analysis  of  small  quantities  of  hy- 
drogen in  materials  is  necessary,  such  as  in 
metallurgy.  The  recent  modifications  to  the 
CNPGAA  instrument  have  had  a significant  im- 
pact on  these  measurements.  Detection  limits 
of  less  than  10  micrograms  for  hydrogen  have 
been  achieved  for  some  samples.  These  limits 
are  often  constrained  by  the  background  levels 
of  this  element  in  the  materials  surroimding  the 
CNPGAA  instnunent.  Further  reduction  of  the 
hydrogen  background  to  the  submicrogram  level 
should  be  possible  in  the  near  future. 

CNPGAA  has  continually  been  used  for  mea- 
smements  of  H in  a wide  variety  of  materials. 
Analyses  of  two  new  titaniiun  alloy  jet  engine 
turbine  blades  have  yielded  H concentrations  of 
less  than  50  mg/kg,  demonstrating  better  than  a 
factor  of  two  improvement  in  detection  limit  for 
that  material.  The  technique  has  also  been  used 
to  calibrate  titanium  alloy  hydrogen  standards 
for  use  in  neutron  tomography  experiments,  to 
measure  hydrogen  concentrations  of  less  than  10 
mg/kg  in  new  samples  of  Naval  Research  Labo- 
ratory quartz,  to  measure  hydrogen  concentra- 
tions in  nanocrystalline  metals,  and  to  study  up- 
take of  hydrogen  by  Yb-doped  SrCeOa  for  appli- 
cations in  fuel  ceUs. 

Much  of  the  current  research  using  the 
CNPGAA  instrument  has  been  dedicated  to  im- 
proving the  quality  of  PG AA  measurements.  El- 
emental sensitivity  ratios  have  been  measured 
in  a wide  variety  of  pure  compounds  and  mix- 
tures of  compoimds  in  order  to  develop  a ko  ap- 
proach to  PG  AA.  CNPGAA  measurements  indi- 
cate that  systematic  errors  due  to  neutron  scat- 
tering and  self  absorption  in  the  sample  matrix, 
variations  in  neutron  fiux,  and  sample  position- 
ing are  largely  eliminated  when  element  ratios 
are  measured.  Therefore,  the  use  of  sensitivity 


ratios  in  the  determination  of  elemental  concen- 
trations is  expected  to  give  results  superior  to 
those  using  sensitivities  measured  from  individ- 
ual element  standards.  The  method  was  recently 
applied  to  the  analysis  of  the  AUende  meteorite. 

In  collaboration  with  the  Reactor  Radiation 
Division,  PG  AA  and  neutron  reflectometry  have 
been  combined  into  a novel  probe  for  studying 
layered  structures.  A standing  neutron  wave 
was  set  up  in  a multilayer  polymer  film  and  the 
capture  gammas  from  a buried  gadolinium  layer 
were  measured  as  a function  of  the  grazing  angle 
of  the  incident  neutron  beam.  The  PGAA  and 
refiectometry  data  were  interpreted  by  solving 
the  Schrodinger  equation  for  the  system,  which 
could  be  fit  only  by  precise  values  of  the  param- 
eters of  the  system.  This  combined  PGAA  and 
refiectometry  technique  offers  promise  as  a new 
method  to  study  interdiflfusion  of  pol5rmers,  as 
well  as  other  problems  in  materials  science. 

Other  applications  of  PGAA  have  included 
measurement  of  boron  in  a suite  of  tourmalines 
as  part  of  an  interlaboratory  study  on  the  con- 
centration of  boron  in  minerals,  and  the  anal- 
ysis of  trace  elements  (Mg,  Al,  Mn,  Fe,  Cu, 
Zn)  in  aluminiim  alloys  to  determine  the  fea- 
sibility of  using  PGAA  as  a technique  for  on- 
line sorting  of  scrap  aluminum.  The  recent  use 
of  CNPGAA  for  determination  of  chlorine  in 
terrestrial  basalts  has  generated  much  interest 
among  researchers  in  the  field  of  cosmogenic 
nuclides,  where  accurate  determination  of  total 
chlorine  is  needed  to  calculate  production  rates 
of  ^®C1  from  cosmic  ray  bombardment  of  terres- 
trial and  extraterrestrial  materials. 

• Focused  Neutron  Research 

A long-range  progrEim  to  explore  and  develop 
the  analytical  applications  of  focused  beams  of 
cold  neutrons  continues  within  the  group.  The 
goal  of  this  research  is  to  produce  beams  of 
neutrons  which  have  intensities  several  orders 
of  magnitude  greater  than  previously  available. 
Such  beams  will  greatly  enhance  the  capabili- 
ties of  both  PGAA  and  NDP,  and  may  ulti- 
mately lead  to  a neutron  probe  for  microanal- 


Nuclear  Methods  Group 


91 


ysis.  Glancing-angle  reflective  optics  is  used  to 
transport  soft  x-rays  and  thermal  neutron  beams 
through  narrow  channels,  which  act  as  miniar 
ture  versions  of  neutron  guides  commonly  used 
at  research  reactors.  The  advantage  of  the  nar- 
row (wlO  /xm)  channels  is  that  the  neutron  beam 
can  be  bent  more  sharply  than  for  the  wide  («50 
mm)  guides.  Recent  developments  in  the  manu- 
facture of  polycapillary  flbers,  with  thousands  of 
channels  having  sizes  of  a few  micrometers,  have 
enabled  cold  neutrons  to  be  guided  and  focused 
on  a scale  suitable  for  laboratory  needs.  A high 
intensity  beam  on  a small  sample  area  can  be 
useful  for  improving  both  the  detection  limits  of 
individual  elements  and  the  spatial  resolution  of 
neutron  absorption  meEisurements  in  analytical 
research. 

We  are  now  one  step  closer  towards  the 
goals  of  the  neutron  focusing  project,  which  in- 
clude enhancing  the  detection  limit  of  PGAA 
for  decreasing  sample  sizes,  and  adding  lateral 
spatial  resolution  for  two  dimensional  compo- 
sitional mapping.  We  have  developed  a poly- 
capiUary  neutron  lens,  custom  designed  for  the 
cold  neutron  PGAA  facility  at  NIST.  The  lens, 
made  with  1763  lead-silica  gl2iss  polycapillary 
fibers,  accepts  a polychromatic  cold  neutron 
beam  (wavelengths  longer  than  0.4  nm)  from  a 
neutron  guide,  50  mm  x 45  mm  in  cross  section, 
and  delivers  a focused  beam  of  0.5  mm  in  diame- 
ter (full  width  at  half  maximum)  at  52  mm  from 
the  exit  of  the  capillaries.  The  average  neutron 
current  density  at  the  focus  is  80  times  higher 
than  that  of  the  direct  incident  beam. 

PGAA  measurements  using  the  lens  have 
been  performed  on  test  samples  of  a 2%  gadolin- 
ium glass  particle  (0.23  mm  x 0.385  mm)  and  a 
cadmium  metal  pzuliicle  (0.50  mm  x 0.45  mm). 
The  prompt  gamma  coimt  rates  for  the  Gd  182 
keV  and  the  Cd  558  keV  peaks  were  compared  to 
those  obtained  from  the  same  samples  without 
the  lens.  The  gain  in  the  prompt  gamma  signals 
is  defined  as  the  ratio  of  the  count  rate  with  the 
lens  to  that  without  the  lens,  representing  the 
enhfincement  in  the  total  absorption  rate  by  us- 
ing the  lens.  The  gains  obtained  are  58  ±10  and 


67  ±1  for  the  Gd  and  Cd  samples,  respectively. 

Additional  measurements  have  also  been 
performed  to  demonstrate  the  spatial  resolution 
in  one  dimension  using  a known  boron  distribu- 
tion. In  these  experiments  a 1 mm  ®LiF  aper- 
ture was  placed  at  the  focal  plane  to  define  the 
focused  beam.  Samples  were  glass  polycapillary 
fibers,  similar  to  those  used  in  the  focusing  lens 
except  differing  in  composition.  A row  of  lead- 
silica  and  borosilicate  (8  wt.%  boron)  fibers  (five 
each,  0.4  nun  in  diameter),  was  arranged  alter- 
nately (B-Pb-B-Pb...),  side  by  side,  behind  the 
aperture.  The  prompt  gamma  count  rate  for 
the  boron  peak  at  478  keV  was  monitored  as 
the  row  of  samples  was  scanned  in  the  horizon- 
tal direction  along  the  focal  plane.  The  count 
rate  was  maximized  when  a borosilicate  fiber 
centered  on  the  focus,  and  was  minimized  when 
a lead-silica  fiber  did  so,  forming  an  oscillating 
prompt  gamma  response.  At  this  submillimeter 
range,  the  peaks  are  partially  resolved:  (peak  - 
valley)/(peak  - background)  ^'-'38%  (100%  rep- 
resents complete  resolution).  The  same  experi- 
ment has  also  been  performed  on  a row  of  fibers 
of  the  same  composition  and  arrangement  as 
above  (three  each),  but  of  1 nun  diameter,  for 
which  a 97%  resolution  was  obtained. 

We  are  continuing  efforts  on  reducing  the 
neutron  and  ganuna  b2w:kgroimd  eind  improving 
the  neutron  transmission  efficiency  of  the  lens. 
This  research  is  being  performed  in  collabora- 
tion with  X-Ray  Optical  Systems,  Inc.  of  Al- 
bany, New  York,  which  has  an  Adv2Lnced  Tech- 
nology Program  award  to  develop  focusing  sys- 
tems for  both  x-rays  zind  neutrons  using  capil- 
lary optics. 

• Detector  Imaging  Research 

The  Nuclear  Methods  Group,  working 
through  a GRAD  A with  CED  Technologies  Inc. 
and  with  the  Surface  and  Microanalysis  Science 
Division,  have  developed  a video  radiation  de- 
tector (VRD)  based  upon  a charged  injection 
device  (CID)  camera  and  image  processing  sys- 
tem. The  process  is  somewhat  analogous  to  the 
nuclear  track  technique,  and  applications  of  the 
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two  methods  do  overlap,  however  the  VRD  sys- 
tem allows  real-time  high  resolution  imaging  of 
neutron  and  charged  particle  fields.  The  VRD 
system  is  essentially  100%  efficient  for  the  de- 
tection of  alpha  particles  above  a few  MeV  en- 
ergy; emission  rates  as  small  as  10“^Bq  have 
been  localized.  The  system  allows  discriminar 
tion  between  tritons,  alpha  particles,  and  fission 
fragments.  Spatial  resolution  of  less  than  11 
lim  is  achieved  by  interpolating  between  cam- 
era pixel  elements.  Because  the  charge  injection 
device  is  sensitive  to  visible.  X-ray  and  UV  pho- 
tons, chEirged-particle  images  can  be  correlated 
with  optical  images  of  the  sample.  As  an  exam- 
ple, it  has  been  used  for  detecting  spontaneous 
emission  of  naturally  radioactive  materials  from 
minerals  or  contaminants  in  the  analysis  of  en- 
vironmental samples. 

By  €uiding  a thin  ®Li  converter,  we  have 
adapted  the  VRD  for  the  characterization  of 
neutron  focusing  components  for  neutron  inten- 
sity, determination  of  the  focal  plane,  and  ana^ 
lyzing  individual  elements  in  the  focusing  device. 
Neutron  field  maps  obtained  by  using  the  VRD 
have  been  indispensable  for  the  project.  The  lo- 
cation and  size  of  the  focus  can  be  determined 
much  more  quickly  with  the  VRD  than  by  us- 
ing a large  series  of  photographic  films.  Thus 
the  VRD  system  provides  a faster  image,  a high 
resolution  image  in  electronic  format,  and  pro- 
vides data  of  a greater  dynamic  range  than  that 
of  photographic  film. 

• Group  Interactions 

The  strong  interaction  with  industrial  sci- 
entists using  NDP,  PGAA,  and  NAA  has  con- 
tinued during  the  year  with  a growing  nmnber 
of  guest  workers,  research  associates,  and  joint 
publications.  For  example,  working  this  year 
with  researchers  from  SEMATECH,  we  have 
used  NDP  to  study  various  aspects  of  quality 
control  using  CVD  (chemical  vapor  deposition) 
reactors.  These  measmements  will  be  useful  in 
optimizing  process  yield  and  reliability  as  well 
as  establishing  confidence  for  the  industrial  in- 
house  analytical  techniques. 


Smithsonian  Institution 

The  Conservation  Analytical  Laboratory  of 
the  Smithsonian  Institution  maintains  an  INAA 
research  facility  within  the  Nuclear  Methods 
Group  at  NIST.  This  facility,  which  consists 
of  two  automated  sample  changers  and  four 
gamma  detectors  with  associated  electronics, 
provides  high  precision  multi-element  chemical 
data  for  use  in  a wide  range  of  Smithsonian  and 
Nuclear  Methods  Group  research  projects.  In 
the  past  year  over  2100  archaeological  samples 
have  been  analyzed  in  support  of  eight  Smith- 
sonian research  projects.  The  projects  include 
studies  of  Classic  Maya  pottery.  Bronze,  and 
Iron  age  ceramics  from  Gordian  in  Turkey,  Me- 
dieval Islamic  ceramics  and  stone  paste  ware, 
Pre-Columbian  Peruvian  ceramics,  and  ceram- 
ics from  the  Indus  Valley  in  Pakistan  and  the 
Oman  Peninsula. 

One  highlight  of  this  year’s  research  involved 
a continuation  of  the  study  of  the  manufacture 
and  exchange  of  ceramics  between  sites  on  the 
Oman  Peninsula  and  sites  located  in  modem 
Iran  and  Pakistan  during  the  late  third  millen- 
nium B.C.  This  research,  in  collaboration,  with 
Dr.  Sophie  Mery,  CNRS,  Art  and  Archaelogie, 
has  sought  to  combine  mineralogical  data  from 
thin  section  analysis  and  chemical  data  from 
INAA  to  establish  the  area  of  manufacture  and 
subsequent  exchange  across  this  broad  region. 

Earlier  research  had  established  indigenous 
Omani  production  of  fine  black  painted  red 
ware,  originally  believed  by  many  archaeologists 
to  be  imports  from  across  the  Gulf.  The  current 
investigation  concentrated  on  black  slipped  jars 
and  other  ceramic  types,  foimd  in  Omzin.  These 
ceramics  are  stylistically  the  same  as  the  wares 
found  in  Harappan  contexts  in  Pakistan  and  In- 
dia. The  combined  mineralogical  and  chemical 
data  demonstrated  that  the  majority  of  these  ce- 
ramics were  in  fact  imports  from  across  the  Gulf 
of  Oman  and  help  to  verify  an  active  overwater 
trade  network  during  the  third  millenniiun  B.C. 
Further,  comparison  with  chemical  data  for  ce- 
ramics and  bangles  from  another  earlier  study, 
established  the  source  of  the  clay  to  be  the  Indus 
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River  alluvium  at  or  south  of  the  ancient  city  of 
Mohenjo-Daro. 

A single  Indus  style  ceramic  piece  did  not 
match  the  composition  of  the  rest  of  the  collec- 
tion. This  piece  was,  however,  identical  both 
chemically  and  mineralogically  with  ceramics 
found  on  the  Oman  Peninsula,  but  not  of  the 
Indus  style.  This  finding  leads  to  the  possibil- 
ity that  Omani  potters  were  producing  sophisti- 
cated copies  of  Harappan  ceramics  thought,  un- 
til now,  to  be  beyond  their  technological  ability. 
Further  research  will  begin  in  1995  to  investigate 
this  early  example  of  technological  transfer. 

Food  and  Drug  Administration 

(W.  C.  Cunningham,  D.  L.  Anderson,  C.  R.  Warner, 

and  S.  G.  Capar) 

The  Food  and  Drug  Administration  (FDA) 
maintains  a neutron  activation  analysis  (NAA) 
facility  in  the  reactor  building  of  the  National 
Institute  of  Standards  and  Technology  (NIST). 
This  facility  is  directed  by  FDA’s  Center  for 
Food  Safety  and  Applied  Nutrition  and  pro- 
vides agencywide  analytical  support  for  special 
investigations  £ind  applications  research.  NAA 
complements  other  analytical  techniques  used  at 
FDA  and  serves  as  a reference  technique  and 
confirmatory  quality  assurance  (QA)  tool.  In- 
strumental, neutron-capture  prompt— 7,  and  rar 
diochemical  NAA  procedures  (INAA,  PGAA, 
and  RNAA,  respectively)  continue  as  the  prime 
nuclear  analytical  approaches.  A radioisotope- 
induced  X-ray  emission  (RIXE)  spectrometer 
provides  support  for  FDA  programs  which  moni- 
tor toxic  elements  in  housewares  (especially  Pb), 
and  the  low-level  7-ray  counting  facility  devel- 
oped by  the  Nuclear  Methods  Group  of  the 
NIST  Inorganic  Analytical  Research  Division  is 
used  to  determine  the  radionuclide  content  of 
vjirious  matrices.  This  combination  of  analyti- 
cal techniques  enables  diverse  multielement  and 
radiological  information  to  be  obtained  for  foods 
and  related  materials. 

Day-to-day  use  of  gram  quantities  of  refer- 
ence materials  (RMs)  during  analyses  of  large 
numbers  of  food  test  samples  is  necessary  for 


quality  assurance  (QA)  in  FDA's  Total  Diet 
Study  (TDS)  Program.  Because  of  the  large 
quantities  required,  FDA’s  NAA  Laboratory 
has  exeimined  two  oflF-the-shelf  foods,  soy-based 
powdered  infant  formula  (SPIF)  and  cocoa  pow- 
der, eis  candidates  for  in-house  RMs.  SPIF  has 
good  RM  characteristics  because  it  is  formulated 
to  be  a complete  infant  diet  with  proper  fat 
content  and  is  fortified  with  essential  vitamins, 
minerals,  and  essential  elements.  Cocoa  pow- 
der contains  a number  of  elements  of  interest 
in  concentrations  suitable  for  quantitation  (e.^., 
Ca,  Cd,  Cu,  Cr,  Fe,  K,  Mg,  Mn,  Ni,  Pb,  and 
Zn)  as  well  as  enough  fat  to  require  (desirably) 
moderate  effort  for  acid  digestion.  Both  mate- 
rials are  relatively  homogeneous  in  particle  size 
and  composition  and  have  long  shelf  lives  with- 
out refrigeration.  Weight-stability  characteris- 
tics and  homogeneity  for  both  materials  were 
foimd  to  be  excellent.  After  initial  weight  geiins 
(following  removal  from  bottles)  of  '^^0.5%/d  for 
SPIF  and  ~0.5%/h  for  cocoa  powder,  masses 
(~0.5  to  5 g)  varied  by  <2%  for  up  to  1 year 
at  laboratory  relative  humidities  ranging  up  to 
55%.  Both  within-unit  and  unit-to-unit  nonho- 
mogeneity was  found  to  be<4%  for  Al,  Mg,  Ca, 
Na,  Cl,  Mn,  and  K in  nine  units  of  SPIF  (by 
INAA)  and  for  H,  B,  C,  N,  Cl,  ajid  K in  seven 
cocoa  powder  units  (by  PGAA). 

FDA's  NAA  facility  has  begun  an  additional 
QA  exercise  imder  the  TDS  Program.  NAA  is 
being  used  to  provide  confirmatory  multielement 
concentrations  annually  for  60  foods  also  ana- 
lyzed at  FDA's  laboratoiy  in  Lenexa,  Kansas. 
Low-level  7-ray  coimting  will  be  used  to  pro- 
vide confirmatory  radionuclide  activity  concen- 
trations for  15  foods  analyzed  at  FDA’s  Winch- 
ester Engineering  and  Analytical  Center  in  Mas- 
sachusetts. The  matrices  will  be  varied  to  cover 
the  entire  range  of  foods  included  in  the  pro- 
gram. 

To  study  the  fate  of  bromates  added  dur- 
ing the  manufacture  of  baked  bread  products, 
INAA  was  used  in  addition  to  high-pressure  liq- 
uid chromatography  to  determine  bromate  and 
total  bromine  concentrations  in  several  prod- 
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nets.  A relationship  between  added  bromate  eind 
total  bromine  in  baked  bread  was  determined. 
This  work  will  continue  but  has  already  resulted 
in  inclusion  of  more  labeling  information  for  sev- 
eral products. 

PGAA  and  low-level  7-ray  counting  were 
used  to  analyze  15  maple  syrups  for  ^^^Cs,  B, 
and  K.  K concentrations  determined  by  the  two 
techniques  (using  2-g  portions  for  PGAA)  were 
in  excellent  agreement.  The  products  were  ob- 
tained in  1991,  with  one  produced  in  Maryland, 
three  in  New  York,  four  in  Pennsylvania,  two 
in  New  Hampshire,  and  five  in  Canada.  All 
^^^Cs  activity  concentrations  were  at  least  100 
times  lower  than  those  for  which  controls  would 
be  recommended  according  to  Federal  Radiation 
Council  guidance,  but  the  average  ^^^Cs  activity 
concentration  for  Canadian  syrups  (2.8  Bq/kg) 
was  greater  by  nearly  a factor  of  20  than  the  av- 
erage value  (0.15  Bq/kg)  for  the  other  syrups. 
This  distinction  is  apparently  a result  of  fall- 
out patterns  from  the  era  of  atmospheric  test- 
ing of  nuclear  weapons;  no  ^^Cs  was  detected, 
which  indicates  that  there  was  no  infiuence  from 
the  Chernobyl  accident.  The  data  exhibited 
distinct  regional  groupings  related  to  product 
source  when  the  ratios  of  ^^^Cs  activity  to  K 
content  (Bq^a/mg/^)  were  plotted  vs.  B con- 
centrations. 

Twenty-one  ready-to-use  hobby  glazes,  of 
which  18  were  labeled  “safe  for  food  containers” 
(SFFC),  were  analyzed  by  PGAA  for  Al,  B,  Ba, 
Ca,  Cd,  Co,  Cr,  Cu,  Fe,  Gd,  Hf,  K,  Mn,  Na,  Pb, 
Si,  Sm,  Sr,  Ti,  Zn,  and  Zr.  (The  SFFC  glazes  in 
this  study  were  formulated  by  the  manufacturer 
to  leach  <2  /zg  Pb/mL  when  applied  to  an  8- 
oz  cup  and  fired  to  cone  06,  or  980-990 °C.)  Pb 
was  also  acciurately  determined  by  X-ray  fiuores- 
cence  spectrometry  (XRFS)  using  Pb  K X-rays 
induced  by  the  7-ray  component  of  the  neutron 
beam.  The  XRFS  limits  of  detection  were  200- 
400  ^g  Pb/g  (dry  weight),  lower  by  a factor  of 
100  than  those  for  PGAA  (using  the  7369-keV  7- 
ray).  Pb  concentrations  (dry  weight)  were  0.16- 
27.2%  in  the  SFFC  glazes  and  0.86-32%  in  the 
other  glazes.  The  SFFC  glazes  contained  from 


<0.6  to  202  /Ltg  Cd/g,  and  the  concentrations  of 
Co,  Cr,  and  Cu  (elements  which  may  enhance 
Pb  leaching  from  fired  glazes)  were  as  high  as 
1.2,  2.7,  and  5.6%,  respectively. 

Federal  Bureau  of  Investigation 

The  Elemental  and  Metals  Analysis  Unit 
(EMAU)  of  the  Federal  Bureau  of  Investigation 
(FBI)  Laboratory  irradiates  samples  for  neutron 
activation  analysis  (NAA)  at  the  NIST  reactor 
facility.  These  samples  are  evidence  in  criminal 
cases  being  investigated  by  the  FBI,  state,  and 
local  jurisdictions  throughout  the  United  States. 
The  primary  analysis  is  of  lead  projectiles  (bul- 
lets and  shotshell  pellets).  In  a typical  case 
bullets  from  a crime  scene  are  compared  with 
the  bullets  from  cartridges  found  in  the  posses- 
sion of  a suspect.  The  samples  are  irradiated  at 
NIST  along  with  an  appropriate  standard  (SRM 
2416,  or  SRM  2417)  and  then  transported  to 
FBI  Laboratory  facilities  for  gammarray  spec- 
troscopy. By  NAA,  samples  are  quantitatively 
analyzed  for  trace  amoimts  of  copper,  antimony, 
and  arsenic.  The  quantities  of  these  trace  ele- 
ments found  thus  characterizes  each  bullet  and 
allows  bullets  to  be  compositionally  compared 
within  a specific  case.  Further,  the  lead  data 
from  approximately  the  last  ten  years  has  been 
stored  in  a database.  With  this  database  new 
samples  can  be  compared  to  each  other  and  to 
all  samples  the  FBI  has  analyzed  to  give  an  idea 
of  how  common  their  composition  is.  When  ap- 
propriate Special  Agent  Examiners  provided  ex- 
pert court  testimony  in  these  cases. 

The  FBI  also  occasionally  irradiates  copper 
eind  steel  samples  at  NIST.  These  analyses  are 
also  quantitative  determinations  for  the  trace 
elements  present,  and  ultimately  inter-sample 
comparison. 

In  addition  to  using  NAA  to  analyze  samples 
from  criminal  cases  several  projects  of  note  2ire 
being  worked  on  this  year.  Using  NIST  facilities 
EMAU  has  analyzed  bullet  lead  which  was  used 
as  a testing  standard  in  a collaborative  crime 
laboratory  testing  program.  EMAU  is  also  par- 
ticipating in  a study  of  the  effects  of  bullet  frag- 


University  of  Maryland 


95 


ments  on  brain  tissue  by  analyzing  bullet  lead 
before  and  after  implantation  in  the  brain  tis- 
sue of  mice.  On-going  research  concerning  the 
quantitative  trace  analysis  of  bullet  and  shot- 
shell  pellet  lead  continues  as  questions  arise  in 
criminal  cases. 

University  of  Maryland 

The  University  of  Maryland  (at  College 
Park,  UMCP)  aerosol  chemistry  group  has  used 
the  NBSR  reactor  for  instrumental  neutron  ac- 
tivation analysis  to  characterize  atmospheric 
aerosol  particles  and  gases  for  more  than  20 
years.  Detailed  and  accurate  multielement  anal- 
yses are  routinely  achieved,  nondestructively,  for 
up  to  40  elements  in  samples  collected  for  pe- 
riods of  several  hours  to  a few  days  on  vari- 
ous types  of  filters  and  in  cjiscade  impactors 
which  size  fractionate  the  aerosol  into  as  many 
as  10  size  domains.  Some  of  the  elements  mear 
sured,  e.g..  As,  Se,  and  Hg,  are  highly  toxic  and 
are,  therefore,  of  epidemiological  interest,  espe- 
ciaUy  in  the  Chesapeake  Bay  and  Coastal  Ma- 
rine environments.  Equally  important  is  that 
information  on  elemental  constituents  remains 
a powerful,  fundamental  tool  with  which  atmo- 
spheric sources,  transport,  and  processes  may 
be  elucidated.  Current  work  has  focused  on  the 
characterization  and  deposition  of  submicrome- 
ter aerosol  particles  in  the  Chesapeake  Bay  Air- 
shed. 

Detailed  investigations  of  the  size- 
distribution  and  composition  of  urban  aerosols 
are  important  to  the  scientific  community 
because  they  contain  information  about  the 
formation,  sources,  transport,  and  atmospheric 
behavior  of  particles  containing  toxic  and 
nutrient  substances,  and  respiratory  irritants. 
This  work  extends  measurement  to  very  small 
(often  <100  /zg)  samples  of  submicometer 
aerosol  particles  size-fi:actionated  with  low- 
pressure-drop  Micro-Orifice  Impactors  (MOI). 
In  a recently  completed  study,  size-segregated 
aerosol  samples  were  collected  at  three  sites 
along  the  Chesapeake  Bay  to  determine  the 
size  distributions  and  hygroscopic  growth  of 


aerosol  particles  bearing  elements  of  interest  to 
Bay  water  quality.  This  information  is  sorely 
needed  to  improve  predictions  of  diy-particle 
trace  element  fiuxes  to  Bay  surface  waters. 

Size-segregated  particulate  aerosol  samples 
were  collected  with  9-stage  micro-orifice  im- 
pactors (MOIs).  Twenty  seven  (243  stages)  MOI 
samples  were  analyzed  by  instrumental  neutron 
activation  analysis  (ENAA)  for  up  to  32  elements 
including  Al,  As,  Br,  Cd,  Cr,  Cu,  Fe,  Mn,  S,  Sb, 
Se,  V,  and  Zn.  Elemental  deposition  velocities 
(Vj^s)  as  a function  of  particle  size  and  frequency 
of  meteorological  conditions  were  estimated  us- 
ing an  adaptation  of  Williams’  (1982)  model  for 
dry  deposition  of  particles  to  natural  water  sur- 
faces. Specifically,  size-dependent  curves  for 
a series  of  discrete  relative  humidity  (RH)  and 
wind  velocity  intervals  were  weighted  according 
to  the  frequency  of  occmrence  of  meteorological 
conditions  in  these  intervals  and  combined  to 
yield  a single  size-dependent  curve  represen- 
tative of  annual  conditions.  Effective  deposition 
velocities  (Vd^eff)  for  individual  elements,  were 
then  calculated  firom  the  single  size-dependent 
Vd  curve  and  measured  size  spectra  of  the  ele- 
ments. The  resulting  'Vd,eff^  were  used  with  an- 
nual elemental  concentrations  determined  in  the 
Chesapeake  Bay  Atmospheric  Deposition  Study 
(CBADS)  to  estimate  annual  dry  fiuxes  for  13 
elements. 

Highly  resolved  mass-size  spectra  for  mea- 
sured elements  indicate  that  the  crustal  elements 
(Al,  Fe,  La,  Sm)  and  key  marker  elements  for 
seasalt  (Na,  Cl,  Mg)  were  primarily  eissociated 
with  coarse  particles  with  modal  diameters  rang- 
ing from  1.3  to  6.9  /zm.  The  anthropogenically- 
derived  elements  such  as,  Br,  V,  Sb,  Se,  and  S 
were  associated  mostly  with  submicrometer  par- 
ticles with  modal  diameters  ranging  from  0.2  to 
0.7  /zm. 

Model  calculations  indicate  that  based 
on  meteorological  data  averaged  over  long  pe- 
riods of  time  or  collected  at  low  temporal  res- 
olutions may  be  from  4 to  200%  smaller  than 
y'^s  based  on  frequency  distributions  of  hourly 
wind  events.  The  inclusion  of  particle  growth 
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effects  in  model  calculations  yielded  Y'^s  for  the 
0.1-  to  -1.0/xm  particle  size  range  that  were  a 
factor  of  2-3  larger  than  estimates  based  on 
yearly  averaged  meteorological  data  or  on  the 
wind  frequency  spectnun  without  regard  to  fluc- 
tuations in  relative  humidity.  Effective  Vd’s  pre- 
dicted for  the  coarse-particle  elements  ranged 
from  0.3  to  0.6  cm/s,  whereas  those  for  the 
fine-particle  elements  ranged  from  0.06  to  0.2 
cm/s,  and  those  for  both  were  typically  twofold 
smaller  than  deposition  velocities  used  to  calcu- 
late fluxes  in  CBADS.  However,  preliminary  cal- 
culations suggest  that  consideration  of  RH  gra- 
dients in  the  turbulent  layer  will  bring  model 
predictions  closer  to  the  values  used  previously 
in  the  Chesapeake  Bay  Atmospheric  Deposition 
Study  (CBADS). 

Chemical  Mass  Balance  (CMB)  techniques 
were  applied  to  the  elemental  size  spectra  to 
resolve  the  concentration  versus  particle  size- 
distributions  of  aerosol  containing  the  various 
elements  into  size-distributions  by  source.  The 
resulting  size  spectra  for  each  source  were  used 
to  calculate  deposition  fluxes  by  size  and  source. 
The  results  indicate  that  soil  is  responsible  for 
96,  92,  and  60%  of  the  dry  fluxes  of  Al,  Fe, 
and  Mn,  respectively.  Previous  studies  suggest 
that  much  of  the  soil  dust  in  urban  areas  dis- 
persed into  the  atmosphere  by  motor  vehicle 
traffic.  Regional  sulfate,  i.e.,  predominately  sec- 
ondary aerosol  imported  into  the  State  from  dis- 
tant coal-  and  oil-combustion  sources,  accounts 
for  96%  of  the  sulfur  flux  and  67%  of  the  Se. 
Previous  studies  at  College  Park,  MD,  suggest 
that,  at  the  same  RH,  elements  in  regionally- 
transported  aerosol  are  associated  with  larger 
particles  than  they  are  in  aerosol  from  local 
sources  (i.e.,  5 to  50  km  away).  Therefore,  the 
former  deposit  more  efficiently  than  the  latter. 
The  majority  of  the  As  flux  (72%)  is  attributed 
to  industrial  steel  sources.  Marine  aerosol  ac- 
counted for  63%  of  the  Br  and  motor  vehicles, 
31%.  More  importantly,  emissions  from  incin- 
erators accoimted  for  most  of  the  fluxes  of  Cd 
(77%),  Sb  (81%),  Cr  (93%),  and  Zn  (97%).  In 
each  case,  large  (midpoint  diameter,  6.9  ^m) 


particles  accoimted  for  the  majority  of  the  depo- 
sition, except  for  Se  from  local  coal-fired  power 
plants,  for  which  predominately  fine  particles  ac- 
counted for  19%  of  the  flux.  Despite  the  impor- 
tance of  large  particles  in  determining  dry  fluxes 
of  virtually  all  of  the  elements,  it  is  not  clear 
that  these  particles  originate  at  the  sources  to 
which  they  have  been  assigned.  Large-particle 
components  for  these  elements  may  represent  re- 
suspended urban  dust  that  was  previously  con- 
taminated by  (fine-particle)  aerosol  from  these 
sources  or,  perhaps,  the  course  particle  compo- 
nents may  result  from  kinematic  coagulation, 
between  coarse  urbzui  dust  particles  and  fine- 
particle  emissions  as  the  former  settle.  This 
work  provides  the  first  estimates  of  which 
take  into  account  highly  resolved  concentration- 
vs-size  distributions  of  particles  as  well  as  fre- 
quency of  meteorological  conditions  typical  of 
the  Chesapeake  Bay.  These  estimates  should 
provide  a framework  for  future  studies  (both 
field  and  laboratory)  which  are  much  needed  to 
improve  our  understanding  of  processes  govern- 
ing dry  atmospheric  deposition  to  the  Chesa- 
peake Bay  watershed. 
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This  group  provides  measurement  services, 
standards,  and  fundamental  research  in  sup- 
port of  NIST’s  mission  as  it  relates  to  neutron 
technology  and  neutron  physics.  The  industrial 
sectors  served  include  materials  development, 
scientific  instrument  calibration,  electric  power 
production,  radiation  protection,  national  de- 
fense, and  radiation  therapy.  This  project  main- 
tains, develops,  and  applies  well-characterized 
neutron  fields  for  detector  development,  meth- 
ods evaluation,  and  stancUirdization  as  needed 
for  materials  dosimetry  in  nuclear  reactor  ap- 
plications and  for  personnel  dosimetry  in  radi- 
ation protection.  These  neutron  fields  include 
thermal  neutron  beams,  ‘Svhite”  and  monochro- 
matic cold  neutron  beams,  a thermal-neutron- 
induced  fission  neutron  field,  and  ^^Cf 
fission  neutron  fields,  both  moderated  and  un- 
moderated. The  calibration  of  these  neutron 
fields  is  derived  firom  related  artifacts,  facili- 
ties, and  capabilities  maintained  by  the  project: 
the  national  standard  neutron  somce  NBS-I,  a 
manganous  sulfate  bath  for  neutron  source  com- 
parisons, a collection  of  fissionable  isotope  mass 
standards  (FIMS),  a collection  of  boron  and 
lithium  isotopic  standards,  spectroscopy  facili- 
ties for  both  gamma  rays  and  alpha  particles, 
and  a capability  to  perform  radiation  transport 
calculations.  The  group  also  performs  experi- 
mental tests  of  critical  neutron  transport  data 
and  computation  methods. 

The  group  carries  out  forefront  research  at 
the  CNRF  in  neutron  physics  and  tests  of  fundar 
mental  symmetry  principles,  develops  advanced 
measurement  techniques  in  neutron  interferom- 
etry, and  is  developing  neutron  spin  filters  based 
on  laser  polarization  of  ^He. 

Highlights  of  activities  are  given  below. 

Fundamental  Neutron  Physics 

• Neutron  Interferometry 

The  neutron  interferometer  station  at  the 


NIST  cold  neutron  facility  has  become  opera^ 
tional.  This  station  incorporates  Eidvanced  vi- 
bration isolation  and  environmental  control  sys- 
tems. Monoenergetic  neutrons  with  energies  in 
the  range  of  4 meV — 20  meV  are  available  for 
experiments.  Initial  measurements  indicate  vi- 
brational isolation  to  be  better  than  ±0.1  ^g(g 
as  in  the  earth’s  gravitational  acceleration).  The 
positional  stability  of  the  setup  is  about  ±2  //m 
in  translation  and  about  ±l/x  radizin  in  rota- 
tion. Interference  patterns  were  obtained  with 
two  types  of  interferometers.  Interference  fringe 
visibility  was  greater  than  70%,  and  phase  sta- 
bility as  good  as  ±5  milliradians/day  was  ob- 
served. These  numbers  suggest  that  NIST  in- 
terferometer performance  is  on  a par  or  better 
(in  some  cases  by  more  than  an  order  of  mag- 
nitude) than  other  interferometer  stations  else- 
where. Steps  are  being  implemented  to  enhance 
the  beam  intensity  and  improve  the  vibration 
isolation  and  the  environmental  control  systems 
even  further.  A variety  of  fundmental  physics 
experiments  are  expecteded  to  be  carried  out  in 
the  near  futiue  in  collaboration  with  teams  from 
universities  in  the  United  States  and  Europe.  In 
addition,  considerable  efforts  Eire  being  devoted 
to  the  development  of  neutron  phase  topography 
for  the  study  of  structural  and  phase  transitional 
properties  of  materials. 

• Development  of  Neutron  Spin  Filters 
by  Laser  Polarization  of  ^He 
The  developmental  program  to  produce  po- 
larized neutron  beams  using  a ^He  spin  filter  at 
NIST  has  seen  major  advances  this  year  with 
the  successful  polarization  of  a sample  of  ^He 
in  the  guide  hall.  In  addition,  the  polariza- 
tion WEIS  measured  using  NucleEir  Magnetic  Res- 
onance (NMR)  Eind  calibrated  against  the  small 
NMR  signal  from  a sample  of  pme  water.  The 
setup  used  to  polarize  the  ^He  could  filter  a 
beam  of  cold  neutrons  with  sufficient  ^He  po- 
Isirization. 
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The  spin  filter  is  based  on  the  spin-dependent 
absorption  of  neutrons  by  polarized  ^He  in  the 
reaction  ^He(n,p)^H.  The  polarized  ^He  is  pro- 
duced either  by  spin-exchange  with  laser  opti- 
cally pumped  rubidiiun  vapor  or  by  direct  opti- 
cal pumping  of  metastable  ^He.  The  polariza- 
tion of  the  ^He  is  measured  either  using  NMR, 
or  by  measuring  the  circular  polarization  of  light 
emitted  from  an  excited  state  of  ^He  (the  second 
method  only  works  for  themetastable  polariza^ 
tion  technique).  The  polarization  measured  and 
calibrated  this  year  was  produced  using  the  spin- 
exchange  method. 

In  addition  to  the  milestones  mentioned 
above,  significant  progress  has  been  made  in  de- 
termining whether  the  polarization  of  ^He  pro- 
duced using  the  spin-exchange  technique  could 
be  improved  by  replacing  the  rubidium  vapor 
with  potassium  vapor.  Progress  toward  imple- 
menting the  metastable  apparatus  includes  con- 
struction of  the  vacuum  system  used  to  main- 
tain the  1-2  torr  ^He  densities  needed  to  sustain 
a metastable  popiilation,  and  construction  and 
testing  of  the  laser  which  will  be  iised  to  polarize 
^He. 

Immediate  plans  are  to  complete  the  potas- 
sium/rubidium comparison,  and  then  maximize 
the  ^He  polarization  produced  in  the  spin- 
exchange  setup.  When  the  reactor  returns  to 
operation  in  the  spring,  we  will  be  able  to  test 
the  spin  filter  on  a neutron  beam. 

• Determination  of  the  Neutron  Lifetime 

The  program  aimed  at  the  determination  of 
the  neutron  lifetime  began  observing  useful  neu- 
tron decay  events  on  October  5,  1993.  Data 
taking  continued  through  May  23,  1994  when 
the  reactor  was  shut  down  for  upgrades  and  re- 
pairs. During  that  time,  the  proton  detector 
was  live  for  almost  124  days  during  which  time 
some  10,500,000  decay  events  were  logged.  If 
the  experiment  were  limited  solely  by  statistics, 
this  would  give  imply  a result  with  better  than 
0.1%  uncertainty.  It  is  expected,  however,  that 
systematic  effects  will  dominate  our  final  imcer- 
tainty  estimate.  An  important  featme  in  this  ef- 


fort was  a multiparametric  data  acquisition  sys- 
tem that  allows  a detailed  study  of  each  event. 
This  will  be  veiy  useful  in  reducing  systematic 
effects.  Progress  is  currently  imderway  to  ana- 
lyze the  results. 

Neutron  Fields  and  Standards 

• Fission  Spectrum  Standard  Neutron 
Fields 

Because  the  energy  spectra  are  better 
known  than  in  other  neutron  fields  and  because 
measured-to-calculated  spectrum-averaged 
cross-section  ratios  of  most  dosimetry  reactions 
agree  in  the  ^^^Cf  and  spectra  to  better 

than  6.5%  (and  in  many  case  to  ±3%),  these 
two  fission  spectra  are  maintained  and  operated 
at  NIST  as  standard  neutron  fields  available 
for  customer  use.  Although  the  ^^Cf  spectrum 
is  the  better  known  distribution,  the  fact 
that  there  are  available  fiuence  rates  a factor 
of  1000  greater  in  the  NIST  spectrum, 
results  in  it’s  more  frequently  use  for  reference 
irradiations.  Furthermore,  this  utilization  will 
increase  in  1995-1996  in  support  of  roimd  robin 
dosimetry  intercomparisons.  Cmrent  needs  are: 

(1)  Comparisons  of  methods  and  materi- 
als use  to  perform  fast  neutron  dosimetry  by 
neutron  activation  of  select  fission  products  in 
threshold  fissionable  isotopes,  such  as  ^^^Np  and 
238U; 

(2)  Comparison  of  fast  neutron  dosime- 
try accomplished  with  X-ray  emitting 
®3Nb(n,n')®^Nb"'  and  io^Rh(n,n')^®^Rh"^ 
reactions  to  those  of  well  accepted  gammarray 
spectrometry  methods; 

(3)  Benchmark  calibrations  of  all  spectrum 
characterization  and  fiuence  monitoring  per- 
formed for  industry  support  irradiations  in  the 
Materials  Dosimetry  Reference  Field  (MDRF), 
the  NIST/University  of  Michigan  engineering 
benchmark  field.  The  test  region  in  this  facil- 
ity is  a cylindrical  volume  inside  a cylindrical 
shell  of  iron  in  the  pool  adjacent  to  the  Ford  re- 
actor core.  The  MDRF  spectrum  is  similar  to 
that  inside  a PWR  reactor  pressure  vessel. 
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• Cavity  Fission  Source:  The  NIST  ^C7 
Fission  Spectrum  Irradiation  Facility 
This  fission  spectrum  can  normally  be  sched- 
uled for  availability  in  the  graphite  thermal  col- 
umn of  the  NIST  Reactor  with  a few  weeks 
notice.  The  spectrum  above  1 MeV  is  a pure 

fission  spectrum  and  the  fiuence  rate,  at  20 
Megawatts  reactor  power,  is  2.7E-flO  n/cm^s. 
Fluences  for  all  irradiations  are  monitored  us- 
ing the  ^Ni(n,p)^Co  reaction,  to  a nominal 
±2.6%  uncertainty.  This  uncertainty  is  es- 
tablished by  traceable  records  of  the  70.8-day, 
^Co  gamma  activity  measured  on  a germanium 
counter  whose  efficiency  is  derived  from  a certi- 
fied fiuence  irradiation  in  a ^^Cf  spectrum.  This 
is  accomplished  for  the  810.7  keV  photopeak  by 
relating  counter  response  of  ^Co  to  the  252Qp 
fiuence  based  on  the  source  47r  emission  rate 
(n/sec),  measured  by  the  MnS04  Bath  Tech- 
nique, and  half  the  accurately  measured  distance 
between  two  nickel  foils  positioned  equidistant 
from,  and  on  opposite  sides  of,  the  lightly  encap- 
sulated ^^Cf  source.  The  source  strength  is  cal- 
ibrated to  nominaUy  ±1.3%,  0.85%  of  which  has 
been  established  in  an  international  round  robin 
calibration.  The  distances  measurement,  un- 
certainties in  the  “point-source”  sintered  Cf203 
bead,  and  scattering  corrections  accoimt  for  the 
rest  of  the  reported  uncertainty. 

• Benchmarking  the  Masses  of  Solid- 
State- Track-Recorder  (SSTR)  Dosime- 
try 

Previous  annual  reports  and  Ref.  1,  2 de- 
scribe use  of  certified  fiuence  irradiations  in  well 
characterized  neutron  fields  (e.p.,  a fission 
spectrum)  to  assist  industry  in  benchmarking 
fissionable  deposit  masses  in  the  nanogram/cm^ 
mass  range.  Current  comparisons  indicate  that 
the  masses,  so  deduced,  agree  with  those  de- 
termined with  radioactive  spiking  techniques, 
employed  during  deposit  fabrication,  to  within 
±3.5%,  one  standard  deviation.  This  result  is 
consistent  with  the  reported  2.5%  uncertainties 
for  both  types  of  measurement. 

Since  starting  SSTR  dosimetry  in  the  ex- 


vessel cavities  of  commerical-nuclear  electric- 
power  reactors,  the  Westinghouse  Science  & 
Technology  Center  (WSTC),  Pittsburgh,  PA., 
has  deployed  about  1500  SSTR  neutron  dosime- 
ters in  17  different  PWR  reactors.  The  use 
of  SSTR  neutron  dosimetry  for  reactor  cavity 
vessel  fiuence  monitoring  is  now  considered  a 
reliable  technique  capable  of  reasonably  high 
accuracy.  Additional  benchmark  referencing 
work  is  planned  imder  NIST/ WSTC  cooperative 
industrial-research  agreements  for  lighter  mass 
deposits.  All  of  this  newly  employed  technology 
will  be  reviewed  in  a joint  WSTC/NIST  paper 
at  the  7th  SMORN  Symposiiun  on  “Nuclear  Re- 
actor Smveillance  and  Diagnostics”,  Avignon, 
Prance,  19-23  June,  1995. 

• Microdosimetry  of  Gamma  Rays 

As  a first  step  in  an  effort  to  use  microdosi- 
metric  methods  to  give  a rough  measurement 
of  the  photon  energy  in  high  intensity  fields, 
we  have  measured  the  LET  spectrum  for  ^^^Cs 
and  ®°Co,  with  results  as  shown.  The  two  spec- 
tra are  in  good  agreement  with  other  measure- 
ments reported  in  the  literature:  in  particular, 
the  ®®Co  spectrmn  shows  the  characteristic  peak 
at  0.3  keV/micrometer,  corresponding  to  min- 
imum ionization  of  the  secondary  electrons. 

• Response  of  Albedo  Neutron  Dosime- 
ters €is  a Function  of  Angle  of  Incidence 

ICRU  39  and  ICRU  47  suggest  that  neutron 

personnel  dosimeters  should  have  a particuleir, 
non-isotropic,  response  as  a function  of  angle  of 
incidence,  although  the  detailed  calculations  are 
just  starting  to  be  produced.  We  have  started  a 
measurement  program  to  determine  the  angular 
response  for  several  different  types  of  dosime- 
ters, for  both  bare  and  D20-moderated  cali- 
fornium. 

• Thermal  Column  Irradiations 

We  have  provided  thermal  column  irradia- 
tions to  superheated  drop  detectors  mounted  in- 
side our  environmental  chamber,  to  test  a theory 
of  bubble  production  as  a function  of  tempera- 
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tine.  This  work  W2is  part  of  a Master’s  thesis  for 
a student  at  the  U.  S.  Naval  Academy. 

We  have  used  our  measured  thermal  column 
fluence  to  calibrate  BF3  detectors  for  the  DOE 
Environmental  Measurements  Laboratoiy  and 
the  Army  Pulsed  Reactor  Facility. 

Research  Topics 

Utilization  of  the  Materials  Dosimetry  Refer- 
ence Facility  — Tests  of  New  IRMM  and 
238u  Fast  Neutron  Dosimeters 

E.  D.  McGarry®,  J.  A.  Grundl®,  C.  M. 
Eisenhauer®,  D.  M.  Gilliam®;  A.  1.  Hawaii^®,  P. 
A.  Simpson^®,  and  R,  Venkatoraman^® 

Calibration  of  a Thin- Window  Counter  for  the 
^°®Rh(n,n')^°®”*Rh  Reaction  in  a Fission  Spec- 
trum Neutron  Field 

E.  D.  McGarry®  and  M.  Oliver^ 

Benchmark  Measurements  and  Calculations 
of  Neutron  Transport 

D.  M.  Gilliam®,  M.  S.  Dewey®,  J.  S.  Nico®,  C.  M. 
Eisenhauer®,  and  J.  A.  Grundl® 

Neutron  Fluence  Rate  Measurements  at  the 
CNRF 

D.  M.  Gilliam®  and  J.  S.  Nico® 

Defined- Geometry  Alpha  Counting 

D.  M.  Gilliam®  and  J.  S.  Nico® 

Certified  Neutron  Fluence  Standards  from  the 
Cavity  Fission  Source 

E.  D.  McGarry®  and  J.  A.  Grundl® 

Quality  Assurance  Checks  on  Maisses  and  Im- 
purities in  Neutron  Dosimeters  for  NRC  Re- 
actor Pressure  Vessel  Embrittlement  Surveil- 
lance 

E.  D.  McGarry®  and  J.  A.  Grundl® 

Measurement  of  LET  Spectra 
R B.  Schwartz®,  H.  Gerstenberg^ , and  P. 
Lamp>erti® 

Intercomparison  of  NIST  and  PNL  Calibra- 
tion Facilities 

R B.  Schwartz®,  J.  C.  McDonald®,  and  M.  K. 
Murphy® 

Response  of  Albedo  Dosimeters  Versus  Dis- 
tance from  a Neutron  Source 

R B.  Schwartz®and  A.  J.  P.  Ghilardi^® 


Response  of  Albedo  Neutron  Dosimeters  as  a 
Function  of  Angle 

R Schwartz®,  B.  A.  Tarres^,  and  E.  Boswell® 

Determination  of  the  Neutron  Lifetime 

M.S.  Dewey®,  G.L.  Greene®,  D.  M.  Gilliam®,  and 
W.  M.  Snow® 

Accurate  Determination  of  Neutron  Capture 
Flux 

M.  S.  Dewey®,  M.  Arif®,  D.  M,  Gilliam®,  G.  L. 
Greene®,  W.  M.  Snow®,  J.  Pauwels^,  and  R D. 
Scott 

Study  of  Time  Reversal  Invariance  in  Neutron 
Beta  Decay 

J.  F.  Wilkerson^®,  E.  Wasserman^®,  J.  Nico®,  R 
G.  H.  Robertson^®,  S.  Freedman^®,  A.  Garcia^®, 
T.  Chupp^®,  K.  Coulter^®,  M.  S.  Dewey®,  G.  L. 
Greene®,  and  A.  Thomp>son® 

Observation  of  the  Coriolus  Acceleration  of 
Neutrons  in  a Rotating  Crystal 

A.  Zeilinger^®,  M.  Ari^,  K.  Raum^^,  M.  Kollner^^, 
and  D.  Brown® 

Parity  Non- Conserving  Neutron  Spin  Rota- 
tion 

B.  HeckeP®,  D.  Markoff^®,  E.  Adelberger^®,  G.  L. 
Greene®,  and  W.  M.  Snow® 

Highly  Accurate  Neutron  Wavelength  Mea- 
surements 

M.  S.  Dewey®,  K.  J.  Coakley^®,  W.  M.  Snow®,  M. 
Arif®,  and  G.  L.  Greene® 

LASER  Polarization  of  ®He  for  Neutron  Spin 
Filters 

A.  Thompson®,  G.  L.  Greene®,  T.  Gentile®,  and 
M.  S.  Dewey® 

Trapping  of  Ultra  Cold  Neutrons 

J.  Doyle®,  S.  Lamoreaux^®,  R Golub**,  and  G.  L. 
Greene® 

Neutron  Interferometry 

M.  Arif®,  D.  Brown®,  and  G.  L.  Greene®. 

Affiliations 

^ Armed  Forces  Radiobiology  Research  Institute 

^Army  Pulsed  Reactor  Facility 

®Battelle  PEicific  Northwest  Laboratory  (PNL) 

“^Hahn-Meitner  Institute 

® Harvard  University 

®Indiana  University 


104 


Neutron  Interactions  and  Dosimetry 


^Inst  for  Ref  Materials  Measurements  (IRMM, 
CEC) 

^Ionizing  Radiation  Division  (or  other  NIST  Divi- 
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Block  Copolymers,  Blends  and  Net- 
works in  Bulk 

• SANS  Studies  of  the  Phase  Behav- 
ior of  Bineoy  Polymer  Blend/Diblock 
Copolymer  Mixtures 

Small  angle  neutron  scattering  measure- 
ments have  been  conducted  to  investigate  the 
effect  of  polystyrene-dg-polybutadiene  diblock 
copolymer  (PSD-PB)  content  on  the  phase  be- 
havior of  a low-molecular-weight  polystyrene- 
dg /poly butadiene  (PSD/PB)  mixture.  SANS 
results  of  the  general  features  of  the  scattering 
curves  as  a function  of  temperature  and  copoly- 
mer content  has  been  obtained.  For  intermedi- 
ate to  high  copolymer  content  (greater  than  20 
wt%),  a pronoimced  peak  of  the  scattering  curve 
is  observed  at  all  temperatures.  The  peak  inten- 
sity, S(q*),  increases  as  temperature  decreases 
for  all  samples,  and  no  sharp  change  in  the  tem- 
perature dependence  of  S(q*)  is  observed.  The 
position,  q*,  increases  with  increasing  copoly- 
mer content  and  is  weakly  dependent  on  tem- 
perature. The  analysis  of  the  temperature  and 
composition  dependence  of  the  peak  intensity 
and  peak  position  is  being  carried  out  at  this 
time. 

• The  Collapse  of  Free  Polymer  Chains 
in  a Network 

Small  angle  neutron  scattering  has  been  used 
to  measure  the  conformation  of  linear  polymer 
chains  at  dilute  concentration  trapped  in  a ma^ 
trix  of  crosslinked  polymer.  Three  regimes  are 
found  depending  on  the  length  of  the  linear 
chain,  Nl,  with  respect  to  the  mesh  size  of  the 
network,  Nc.  When  Nl>Nc  the  radius  of  gyrar 
tion  of  the  linear  chain,  does  not  change  from 
that  observed  in  the  uncrosslinked  melt.  When 
Nc<Nl,  the  size  of  the  linear  chains  shrinks 
which  has  been  predicted  for  isolated  polymer 
chains  trapped  in  a field  of  random  obstacles. 
When  Nc<<Nl  the  linear  chains  are  observed 


to  segregate.  The  collapse  of  polymer  chains 
in  a network  has  important  implications  for  the 
distribution  and  transport  of  polymers  in  many 
heterogeneous  environments. 

• Synthesis  and  Characterization  of 
Organic-Inorganic  Interpenetrating 
Polymer  Networks 

Small  angle  neutron  scattering  has  been  used 
to  characterize  interpenetrating  polymer  net- 
works synthesized  by  performing  sol-gel  chem- 
istry and  conventional  organic  polymerizations 
in  mixtures  of  the  monomers.  The  organic  poly- 
mers were  acrylates,  methacrylates,  or  epoxies, 
and  the  inorganic  phase  was  Si02.  Polymeriza- 
tions were  conducted  simultaneously  or  sequen- 
tially at  a variety  of  relative  rates,  and  the  chem- 
istry was  designed  to  allow  dififerent  amoimts  of 
grafting  between  the  components.  Wide  vari- 
ations in  morphology  were  observed  depending 
on  the  polymerization  conditions,  ranging  from 
grossly  phase  separated  to  dendritic  to  finely  di- 
vided structures  (at  a 100 A size  scale).  The 
phases  ranged  from  mixtures  of  the  two  compo- 
nents to  relative  pure  phases.  Transmission  elec- 
tron microscopy  showed  morphologies  in  agree- 
ment with  the  SANS  results. 

• Structure  Change  £ind  Alignment  of 
Block  Copolymers  Under  Shear 

The  effect  of  shear  fiow  on  the  mor- 
phology and  order-disorder  transition  tem- 
perature, Todt?  of  a block  copolymer  of 
polystyrene-dg /polybutadiene/polystyrene- 
d8(SBS)  with  a block  architecture  of 
8xl0^/54xl0^/8xl0^g/mole(Mw/Mn=1.05) 
was  analyzed  near  the  ODT  using  in-situ 
SANS,  £ind  on  sheared  and  quenched  specimens 
using  SANS  and  TEM.  The  overall  composition 
of  the  polymer  was  23  wt.%  polystyrene,  and 
the  ordered  phase  of  this  sample  is  a hexago- 
nally  packed  cylindrical  array,  with  unit  cell 
parameter  a=25  nm.  The  quiescent  Tqdt 
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of  this  material  was  116±5°C,  by  dynamic 
mechanical  measurements.  The  in-situ  SANS 
showed  that  the  cylinders  quickly  align  in  a 
shear  field  as  observed  previously  by  other 
workers.  The  TEM  results  on  the  sheared  and 
quenched  specimens  indicated  that  a shear- 
induced  change  in  the  packing  symmetry  of  the 
microphase  separated  cylinders  occurred  at  suf- 
ficiently high  shear  rates.  The  transformation  is 
akin  to  “martensitic  transformations”  observed 
in  many  different  metals  under  deformation. 
This  result  implies  that  theories  developed  for 
atomic  scale  structural  ch2inges  in  metals  may 
be  more  broadly  applicable  to  the  block  copoly- 
mer class,  on  a meso-size  scale.  The  Tqdt 
imder  shear  by  in-situ  SANS  was  measured 
to  shift  upward  by  up  to  20  °C,  as  the  shear 
rate  was  increased.  Studies  of  this  type  are 
important  to  imderstand  the  effect  of  fiow  on 
the  extrustion  processing  of  these  industrially 
important  thermoplastic  elastomer  materials. 

Compatibilization  of  Polymer  Blends 
by  Strong  Interactions  and  Reactions 

We  have  examined  several  new  approaches 
for  the  control  of  binary  polymer  blend  phase 
behavior  through  means  of  either  strong  inter- 
actions or  transesterification  reactions.  In  our 
studies,  we  have  characterized  changes  to  both 
the  phase  diagram  and  the  kinetics  of  phase 
separations  for  several  different  binary  blends. 
Strong  interactions  may  be  introduced  by  chem- 
icaUy  modifying  segments  to  form  sites  for  com- 
plexation  or  hydrogen  bonding.  We  have  shown 
that  the  introduction  of  a small  number  of  in- 
teractive sites  can  dramatically  change  phase 
behavior  in  blends  which  are  ordinarily  incom- 
patible. Another  way  to  change  the  phase  be- 
havior is  through  transesterification  reactions  at 
high  temperatm-es  which  result  in  either  an  ex- 
change of  segments  between  the  different  poly- 
mers or  the  grafting  of  one  pol3rmer  onto  the 
other.  Transesterification  induces  compatibility 
in  otherwise  incompatible  mixtures,  leading  to 
a homogeneous  phase  at  high  temperatures.  At 


intermediate  temperatures,  by  contrast,  a mi- 
crodomain  morphology  with  a broad  interphase 
forms.  A final  aspect  of  this  project  examines 
compatibilization  by  the  aforementioned  mecha- 
nisms in  ultra  thin  film  polymer  films  cast  on  sili- 
con substrates.  We  find  that,  due  to  the  transes- 
terification process,  a copolymer  layer  gradually 
forms  at  the  interface  close  to  the  substrate.  For 
a bilayer  of  two  polymers  which  interact  through 
strong  interactions,  we  observe  mixing  at  the  in- 
terface due  to  the  complexation  between  the  two 
components. 

• Control  of  Phase  Behavior  Through 

Hydrogen  Bonding 

Hydrogen  bonding  in  blends  of  poly- 
butylmethacrylate  (PBMA)  and  deuter- 
ated  polystyrene  (d-PS)  was  achieved  by 
introducing  a small  amount  perhexafluoro- 
2-hydroxyisopropyl-Q-methylstryene  as  a 
co-monomer  in  the  d-PS  polymerization.  The 
resulting  polystyrene,  denoted  d-PSOH,  con- 
tains hydroxyl  groups  which  have  nearly  the 
same  acidity  as  phenol.  In  the  d-PSOH/PBMA 
blend,  Pearce  et  al.  [1]  have  shown  the  presence 
of  hydrogen  bonding  between  the  d-PSOH 
hydroxyl  and  the  PBMA  carbonyl  groups.  A 
smaU  amoimt  (1.2  mol  %)  of  the  perhexafiuoro- 
2-hydroxyisoproyl  groups  dramatically  affects 
the  phase  behavior.  The  d-PSOH/PBMA 
blend  is  miscible  within  a limited  temperatme 
range  whereas  the  unmodified  blend  using 
identical  molecular  weights  is  immiscible.  Small 
angle  neutron  scattering  has  been  employed 
to  study  the  kinetics  of  phase  separation  in 
the  d-PSOH/PBMA  blend.  These  experiments 
revealed  an  unusual  growth  behavior  in  hy- 
drogen bonded  blends.  This  might  result  in  a 
domain  structure  which  is  different  from  the 
interconnected  phases  seen  in  classical  spinodal 
decomposition,  and  there  is  a possibility  that 
this  might  be  useful  for  new  materials. 

• Control  of  Phase  Behavior  Through 

Complexation 

Ionic  complexes  provide  another  means  to 
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modify  the  interactions  between  immiscible 
polymers.  In  this  study,  we  focus  on  how  the  na^ 
tme  and  strength  of  complexation  affects  blend 
morphology  and  phase  behavior.  The  blend  con- 
sists of  lightly  sulfonated  polystyrene  ionomers 
with  poly(N,N'-dimethylethylene  sebacamide), 
a methylated  Nylon.  Because  the  polyamide  ex- 
hibits no  hydrogen  bonding,  as  a result  of  sub- 
stitution of  the  methyl  group  for  the  amide  pro- 
ton, it  has  a relatively  low  melting  temperature 
(<-^^75  °C)  and  is  slow  to  crystallize.  We  have  em- 
ployed time  resolved  light  scattering  to  examine 
the  phase  separation  process  in  this  blend,  and 
have  found  that  there  is  a temperature  range 
where  phase  separation  can  occiu*  but  is  lim- 
ited by  the  complexation  interactions.  We  be- 
lieve that  resulting  morphology  is  influenced  by 
the  level  of  sulfonation  and  the  type  of  counter 
cation;  this  will  be  a subject  of  investigation  in 
the  FY95. 

• Structural  Stabilization  of  Through 
Transesterification  Reactions 
Small  angle  neutron  scattering  was  employed 
to  how  the  morphology  of  two  types  of  mix- 
tures, polycarbonate  (PC)  with  a nonciystal- 
lizable  polyester  copolymer  and  PC  with  poly- 
methylmethacrylate (PMMA),  can  be  controUed 
by  choosing  the  appropriate  thermal  treatment. 
At  high  temperatures,  transesteriflcation  results 
in  the  exchange  of  segments  in  the  PC/Polyester 
blend,  forming  a random  copolymer.  By  con- 
trast, PC  chains  ends  graft  onto  the  PMMA 
bzickbone  in  the  PC/PMMA  blend.  For  both 
mixtures,  annealing  below  170  °C  results  in  large 
scale  phase  separation,  just  as  for  ordinary  im- 
miscible blends.  However,  for  annealing  above 
220  °C,  transesteriflcation  reactions  lead  to  the 
formation  of  a homogeneous  phase.  For  the 
PC/Polyester  blend,  this  phase  consists  of  ran- 
dom copolymers.  For  the  PC/PMMA  blends, 
the  details  of  the  homogeneous  phase  aie  not 
yet  clearly  understood.  One  possibility  is  that 
a random  network  forms  where  PC  chains  pro- 
vide links  between  PMMA  backbones.  At  in- 
termediate temperatures  near  200°  C,  there  is  a 


competition  between  the  effects  of  immiscibility 
and  transesteriflcation.  The  resulting  morphol- 
ogy contains  domains  with  broad  interfacial  re- 
gions for  both  types  of  blends. 

Continuing  investigations  have  focussed  on 
using  dielectric  spectroscopy  as  a characteriza- 
tional  tool  for  blends  undergoing  transesterifica- 
tion. For  the  PC/polyester  case,  we  find  that  the 
glass  transition  temperatures  and  the  dielectric 
amplitude  increase  dramatically  upon  annealing 
at  220  °C.  The  data  strongly  suggest  that,  in  the 
homogeneous,  transesterified  state,  the  dipoles 
of  both  components  relax  collectively.  By  con- 
trast, only  minimal  changes  are  observed  af- 
ter annealing  the  initial  untransesterified  film  at 
160  °C.  The  latter  result,  however,  implies  that 
some  residual  mixing  is  present  even  in  the  phase 
separated  films.  Dielectric  measurements  have 
been  performed  on  a variety  of  compositions  and 
thermal  treatments.  Overall,  the  data  £ire  con- 
sistent with  the  results  of  SANS  and  DSC. 

• Effects  of  Strong  Interactions  and 
Transesteriflcation  Reaction  in  Thin 
Films 

The  behavior  of  polymer  blends  near  surfaces 
and  in  thin  film  geometries  is  technologically  im- 
portant for  applications  in  areas  such  as  thin 
film  adhesion  and  structural  integrity  of  coat- 
ings. Surface  analytical  techniques  such  as  x- 
ray  and  neutron  reflectivity  and  atomic  force  mi- 
croscopy were  employed  to  measure  the  surfaces 
and  interfaces  of  thin  films  of  polymer  blends 
with  nanometer  resolution.  Here,  we  investigate 
the  role  of  complexation  and  transesteriflcation 
mechanisms  £is  strategies  to  alter  the  phase  be- 
havior and  control  miscibility  in  such  systems. 
These  mechanisms  may  also  serve  to  enhance 
thin  film  strength  and  adhesion. 

The  kinetics  of  interfacial  mixing  was  ex- 
amined in  a thin  bilayer  of  lightly  sulfonated 
polystyrene  and  poly(N,N'-dimethylethylene  se- 
bacamide) Nylon.  Neutron  reflectivity  was  used 
to  monitor  the  interface  structure  as  a function 
of  annealing  time  at  a temperature  above  the 
Nylon  melting  point  but  below  the  glass  transi- 
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tion  for  the  sulfonated  PS.  The  kinetics  of  the 
interfacial  mixing  was  unique  due  to  the  strong 
interactions  between  styrene  sulfonate  and  the 
amide  group.  Intermolecular  complexes  that  act 
as  physical  crosslinks  form  upon  mixing  the  two 
polymers,  and  this  slows  down  the  diffusion  and 
interfacial  mixing  processes. 

The  structure  of  thin  film  blends  of  PC  and 
deuterated  PMMA  was  studied  as  a function 
of  annealing  time  at  200  °C.  Initially,  there  is 
a rapid  enrichment  of  PMMA  at  the  silicon  sub- 
strate surface.  At  longer  times,  this  trend  is 
reversed  due  to  the  transesterification  reaction 
which  tends  to  mix  the  chains  near  the  inter- 
face. At  later  times,  atomic  force  microscopy  of 
the  £iir/polymer  interface  shows  a hole-pattern 
which  evolves  into  droplets,  similar  to  a rough- 
ening phenomena  for  immiscible  blends  reported 
separately.  The  late  stage  coalescence  is  inhib- 
ited by  the  block  copolymer  at  the  interfeice  of 
the  droplets  as  in  the  case  of  nonreactive  blends 
stabilized  by  block  copolymers. 

Polymer  Blend  Films 

• Phase  Separation  Induced  Roughening 
In  Thin  Polymer  Blend  Films 

Phase  separation  in  spim  cast  thin  film 
blends  (100-3000  A)  of  deuterated  polystyrene 
(dPS,  443k)  and  poly-vinylmethylether  (PVME, 
84k)  was  investigated  by  refiectivity  and  mi- 
croscopy techniques.  Using  x-ray  refiectivity, 
we  have  observed  that  phase  separation  in  these 
thin  films  is  accompanied  by  an  abrupt  macro- 
scopic roughening  of  the  air/polymer  interface, 
that  can  be  quantified  by  atomic  force  mi- 
croscopy and  refiectance  optical  microscopy.  We 
interpret  this  roughening  as  a dewetting  of  the 
dPS  rich  phase  from  the  PVME  rich  phase  in 
order  to  minimize  the  unfavorable  area  of  con- 
tact between  the  coexisting  phases.  Transition 
temperatures  based  on  the  roughening  phenom- 
ena indicate  a stabilization  of  the  thin  film  phase 
boundary  compared  to  the  bulk.  Depth  profiles 
obtained  by  neutron  reflection  indicates  capil- 
lary condensation  of  PVME  at  the  air  and  sili- 


con smface  to  be  at  least  partly  responsible  for 
the  stabilization  of  the  phase  boimdary.  Recent 
simulation  results  that  model  such  a phenomena 
wiU  be  presented. 

• Kinetics  of  the  Interfacial  Mixing  for 
a Polymer  Blend  Compatibilized  by 
Complexation 

In  this  study,  st5Tene  sulfonate  groups 
have  been  incorporated  into  polystyrene  chains 
to  compatibilize  the  blend  with  Poly(N,N’- 
dimethylethylene  sebacamide),  a nylon  with  a 
low  melting  temperature.  Neutron  reflectivity 
was  used  to  characterize  the  interfacial  struc- 
ture for  a bilayer  film  of  the  two  polymers.  The 
interfacial  mixing  was  monitored  as  a function 
of  annealing  time  at  a temperature  above  the 
Tm  of  the  nylon  and  below  the  Tg  of  the  sul- 
fonated PS.  The  kinetics  of  the  interfacial  mix- 
ing was  unique  due  to  a very  strong  interaction 
betweeen  the  styrene  sulfonate  and  the  amide 
group.  Intermolecular  complexes  that  act  as 
physical  crosslinks  form  upon  mixing  the  two 
polymers,  and  this  slows  down  the  diffusion  and 
the  interfacial  mixing  process. 

• Phase  Separation  in  Thin  Films  of  a 
Reactive  Polymer  Blend 

The  competition  between  phase  separation 
and  transesterification  was  investigated  in  spun- 
cast  thin  film  blends  (~1000A)  of  polyczirbon- 
ate  (PC)  and  deuterated  polymethylmethacry- 
late (dPMMA)  by  neutron  and  x-ray  reflectivity 
and  atomic  force  microscopy.  Upon  increasing 
the  temperature  to  200  ®C,  we  observe  an  initial 
rapid  enrichment  of  dPMMA  at  the  silicon  sur- 
face due  to  phase  separation.  At  longer  times 
this  trend  is  reversed  due  to  the  transesterifica- 
tion reaction  of  the  blend  in  which  the  blend 
component  chains  connect  and  disconnect  to 
form  random  copolymer  chains,  a unique  feature 
of  this  reactive  blend  is  that  is  self-generates  its 
own  block  copolymer  interfacial  modifier  which 
gradually  leads  to  the  formation  of  a copolymer 
layer  between  the  surface  segregated  dPMMA 
layer  and  the  bulk  of  the  thin  film.  Atomic  force 
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microscopy  of  the  air/polymer  interface  shows 
an  interesting  hole-pattern  to  droplet  evolution. 
The  late  stage  coalescence  is  inhibited  by  the 
block  copolymer  at  the  interface  of  the  droplets 
as  in  blends  stabilized  by  diblock  copolymers. 

• Temperature  of  Ultrathin  Polymer 

Films  on  Silicon 

The  glass  transition  temperature,  Tp,  of 
polymer  thin  films  on  silicon  wafers  was  de- 
termined in  order  to  explore  the  effect  of  the 
presence  of  a silicon  surface  on  local  poly- 
mer chain  dynamics.  To  mimic  the  inter- 
face behavior,  the  film  thickness  included  in 
this  work  was  as  low  as  50  A.  Three  poly- 
mers, polystyrene  (PS),  polymethylmethacry- 
late (PMMA)  and  poly-2-vinylpyridine  (P2VP) 
were  chosen  for  this  work;  their  interaction  en- 
ergy or  the  work  of  adhesion  with  silicon  can  be 
ranked  as  P2VP>PMMA>PS.Tp  of  thin  films 
was  determined  by  monitoring  the  film  thickness 
as  a function  of  temperature,  find  Tp  was  iden- 
tified as  the  temperature  where  the  thermal  ex- 
pansion coefficient  underwent  a sudden  change. 
X-ray  and  neutron  reflectivities  were  used  to  de- 
termine film  thickness  with  a precision  of  a few 
angstroms. 

For  PS  with  its  initial  thickness  below  100 
A,  a decrease  in  film  thickness  with  temperar 
ture  was  noticed.  This  contraction  in  thickness 
took  place  as  low  as  30  °C  and  was  foimd  for 
all  the  PS  molecular  weights  studied  so  far.  If 
one  regards  Tp  as  the  temperature  where  chains 
exhibit  significant  mobility,  this  result  can  be  in- 
terpreted as  Tp  starts  at  30°  C in  thin  PS  films. 
For  PMMA  with  thickness  between  75  to  600 
A,  no  change  in  Tp  from  its  bulk  value  was  ob- 
served. However,  the  thermal  expansion  coeffi- 
cient of  thin  films  was  found  to  be  lower  than 
that  of  the  bulk  one.  The  P2VP  results  sug- 
gested that  Tp  of  thin  films  below  100  A was 
greater  than  160  °C  which  was  the  instrument 
limit.  An  elevation  in  Tp  was  also  observed  for 
PS  on  hydrogen  pfissivated  silicon  surfaces. 

An  in-depth  understanding  of  polymer  chain 
dynamics  near  surfaces  or  interfaces  is  a prereq- 


uisite for  one  to  predict  and  to  control  the  per- 
formances of  polymer  thin  films  adhered  to  met- 
als or  silicon  substrate.  Molecular  dynamics  cal- 
culations suggested  that  the  chain  packing  den- 
sity at  a polymer/solid  interface  depended  on 
the  interfu:tion  energy  between  these  two  mate- 
rials in  contact.  Therefore  one  expects  that  the 
local  chain  dynamics  at  interfaces  also  depends 
on  the  interaction  energy.  As  an  initial  attempt 
to  probe  the  influence  of  the  interaction  energy 
on  local  chain  dynamics,  ultrathin  films  of  poly- 
mers with  different  adhesion  energy  to  silicon 
single  crystal  wafer  were  prepared  and  their  Tp 
were  determined. 

Due  to  its  susceptibility  of  radiation  damage 
by  x-ray  neutron  reflectivity  (NR)  was  used  in 
all  the  PMMA  measurements,  while  x-ray  reflec- 
tivity (XR)  was  used  for  PS  find  P2VP.  Deuter- 
ated  poly  methylmethacrylate  (d-PMMA)  with 
a polydispersity  of  1.10  and  a number-average 
molecular  weight  of  135,000  g/mol  was  syn- 
thesized via  a group  tr£insfer  polymerization 
method.  The  polymer  is  57%  syndiotactic, 
37%  atactic  and  6%  isotactic.  The  d-PMMA  was 
spin-cast  from  redistilled  o-xylene  onto  clean 
Si  (111)  wafers  (Semiconductor  Processing  Co.; 
Boston,  MA)  [1]  which  had  been  pretreated  with 
a sulfuric  acid-NoChromix[ll  solution  for  a least 
12  hours,  followed  by  a thorough  distilled  water 
rinse.  Initial  d-PMMA  film  thicknesses  of  75  to 
570  A (at  30-60  °C)  were  prepared  in  this  work. 
Samples  were  annealed  imder  vacuum  at  110  °C 
for  more  than  an  hour  to  ensure  that  films  were 
of  uniform  density  and  then  allowed  to  cool  un- 
der vacuum  to  approximately  30-60  °C.  Follow- 
ing this  annealing  procedure  ultrathin  d-PMMA 
films  were  characterized  under  vacuum  by  neu- 
tron reflectometry  (BT-7  and  NG-7  Reflectome- 
ters.  Research  Reactor  and  Cold  Neutron  Re- 
search Facility,  NIST)  at  various  temperatures 
using  either  thermal  neutrons  with  a wavelength 
of  2.35  A on  BT-7  or  cold  neutrons  with  a wave- 
length of  4.1  A on  NG-7.  The  temperature  was 
electronically  controlled  within  0.2  °C  of  the  de- 
sired setpoint  and  the  d-PMMA  films  were  main- 
tained at  the  desired  temperature  for  approxi- 
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mately  one  hour  before  the  neutron  reflectom- 
etry  measurements  were  performed.  Modeling 
and  fitting  of  the  neutron  refiectivity  data  was 
by  non-linear  least  squares  fitting  of  profiles  gen- 
erated using  a recursive  multilayer  method  [2] . 

For  PS  and  P2VP  all  the  measurements  were 
taken  using  x-ray  refiectivity  (XR).  Polystyrene 
(Aldrich  Chemical;  Milwaukee,  WI)  [1]  of  molec- 
ular weights  184,000,  573,000  and  1,447,000  were 
spin-coated  from  toluene  onto  silicon  wafers 
cleaned  in  an  identical  way  as  described  above. 
Initial  film  thicknesses  were  varied  from  45  to 
835  A.  A broad  molecular  weight  (Mu;=200,000) 
P2VP  was  used  in  this  study.  The  data  deduc- 
tion used  in  XR  measurements  was  the  same  as 
that  for  the  NR. 

Typical  neutron  refiectivity  scans  of  a d- 
PMMA  film  taken  at  several  temperatures  are 
shown  in  figure  1.  The  increase  in  film  thickness 
with  increasing  temperature  is  readily  apparent 
in  figure  1 where  one  can  observe  a decrease  in 
distance  between  the  interference  fringes  (i.e  the 
maxima  and  minima) . with  the  increase  in  tem- 
perature. Above  the  bulk  glass  transition  tem- 
perature (which  is  115  °C  as  determined  by  dif- 
ferential scanning  calorimetry),  there  is  an  in- 
crease in  the  rate  of  expansion.  The  calculated 
thickness  expansion  for  all  the  d-PMMA  ultra- 
thin  films  considered  here  are  listed  in  Table  1. 
Clearly  there  is  a trend  of  decreasing  expansion 
with  decreasing  film  thickness,  both  below  and 
above  120  °C.  These  values  of  thickness  thermal 
expansion  coefficient  listed  in  Table  1 for  PMMA 
thin  films  are  generally  less  than  the  (3-d)  bulk 
value  reported  in  the  literature. 

A clear  indication  of  the  efficacy  of  this  mea^ 
surement  procedure  is  that  the  mass  is  conserved 
during  the  expansion  of  the  d-PMMA  ultrathin 
films.  To  illustrate  this,  the  products  of  the  film 
thickness  and  the  density,  determined  by  fitting 
the  refiectivity  data,  were  calculated  for  films 
with  thicknesses  of  76,  106,  212,  and  581  A at 
120  °C  . These  products  are  essentially  indepen- 
dent of  temperature;  mass  conservation  holds  for 
all  of  the  film  thicknesses  studied.  This  is  also 
indicative  of  negligible  in-plane  expansion  (i.e. 


Figure  1.  Specular  reflectivity  profiles  and  their 
corresponding  modeled  fits  (solid  lines)  measured  for 
an  ultrathin  deuterated  poly  methylmethacrylate  (d- 
PMMA)  film  at  various  temperatures.  The  thickness 
changes  are  readily  app)arent  here.  The  tempera- 
tures and  measured  thicknesses  are  denoted  as  fol- 
lows: (1)30°C  and  571.5  A,  (o)90  °C  and  577.5  A, 
(s)  120  °C  and  580.5  A,  (m)  145  °C  and  589.6  A and 
(n)  170  °C  and  596.8  A. 

parallel  to  the  solid  substrate). 

The  measmed  thicknesses  of  polystyrene 
ultrathin  films  with  varying  temperatme  are 
strongly  dependent  on  the  initial  polystyrene 
film  thickness.  Over  the  temperature  range  25- 
150  °C,  the  polystyrene  thin  films  show  different 
behaviors,  depending  on  their  initial  thicknesses. 
One  should  note  that  the  radius  of  gyration,  Rg, 
for  polystyrene  (Mv=573,000)  in  melt  is  212  A. 
Very  thin  films  , (i.e.  100  A or  less),  display 
film  contraction  at  temperatures  which  are  less 
than  the  glass  transition  temperature  measured 
for  polystyrene  in  the  bulk,  104  °C  [3].  Sam- 
ples with  thicker  initial  thicknesses  display  little 
change  with  temperatme  imtil  approximately  60 
°C,  where  they  begin  to  expand.  Once  again  this 
is  well  below  the  bulk  glass  transition  tempera- 
tme  of  104  °C.  The  contraction  and  expansion 
of  the  ultrathin  polystyrene  films  is  both  ther- 
mally reversible  and  independent  of  the  molec- 
ular weights  tested  herein.  In  this  work,  density 
variations  of  the  ultrathin  polystyrene  films  have 
not  been  determined,  since  the  density  changes 
of  thin  films  are  best  observed  as  variations  in 
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the  critical  angle.  In  our  x-ray  reflectivity  data, 
however,  there  are  no  readily  observable  changes 
in  the  data  at  low  near  the  critical  edge.  This 
behavior  is  not  surprising  since  the  x-ray  scat- 
tering length  density  of  Si,  Q^=10.4  x 10“^  A“^, 
is  significantly  larger  than  that  of  polystyrene, 
Qg=4.8  X 10“^*  A~^,  and  therefore  dominate. 

Table  1.  The  calculated  thermal  expansion  values 
below  and  above  the  glass  transition  temperature 
(120  °C)  £ire  given  for  four  ultrathin  d-PMMA  films 
of  varying  thickness  on  silicon  substrates.  Note  the 
trend  of  decreasing  thermal  exp)ansion  with  decreas- 
ing film  thickness,  both  below  and  above  the  glass 
transition  temp>erature. 


75.7  A 

1.09  X 10"^ 

4.44  X 10"^ 

105.9  A 

1.33  X 10"* 

4.58  X 10 

212.4  A 

1.26  X 10“^ 

5.21  X 10"^ 

580.5  A 

1.73  X 10"'* 

5.40  X 10"'* 

bulk  PMMA 

2.25-2.70  X 10"'* 

5.6-5.8  X 10 

The  same  PS  thin  films  were  also  prepeired  on 
silicon  wafers  with  hydrogen  passivated  surface. 
It  is  well  known  that  PS  adheres  stronger  on  hy- 
drogen passivated  surface  than  on  oxide  covered 
one.  Grossly  different  thermal  behavior  was  ob- 
served; no  Tp  was  detected  up  to  160  °C  for  PS 
film  up  to  400  A thick.  Within  the  temperature 
range  of  23  °C  to  160  °C,  the  thermal  expansion 
coefficient  was  close  to  that  of  PS  in  glassy  state; 
this  strongly  suggests  that  the  Tg  of  thin  PS  film 
on  the  passivated  silicon  is  highly  elevated.  The 
same  phenomenon  was  also  observed  from  P2VP 
films  on  silicon  with  oxide  covered  surfaces. 
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Exxon  Research  and  Engineering  Company 
is  a member  of  the  CNRF’s  participating  re- 
search teams  in  small  angle  neutron  scattering 
(with  NIST  and  University  of  Minnesota).  We 
also  participate  in  other  type  of  research  activ- 
ities at  CNRE,  for  example,  neutron  reflectiv- 
ity, neutron  radiography  and  neutron  tomogra- 
phy. The  short  reports  in  this  chapter  reflect 
only  part  of  the  experiments  Exxon  scientists 
and  their  collaborators  performed  during  the 
last  year,  while  a more  complete  list  of  these  ex- 
periments can  be  foimd  at  the  end  of  this  section 
in  Research  Topics. 

• Thermodynamics  of  Polyolefin  Blends 

Over  the  last  several  years  we  have  been  en- 
gaged in  a study  of  the  basic  thermodynamics 
of  mixtures  of  polyolefins  which  has  relied  heav- 
ily on  SANS  experiments  at  NIST.  Polyolefins 
are  saturated  hydroc£a*bon  polymers  which  are 
among  the  most  common  plastics  (polyethy- 
lene, polypropylene)  and  eleistomers  (ethylene- 
propylene  copolymer,  polyisobutylene).  These 
are  often  used  as  blends,  and  their  phase  behav- 
ior has  an  important  effect  on  the  properties  and 
so  utility  of  such  materials.  It  is  difficult  to  ob- 
tain data  on  polyolefin  blend  thermodynamics  in 
the  liquid  state  by  conventional  mesins  because 
of  the  great  similarity  of  these  polymer  to  one 
another  in  such  properties  as  density  and  refrac- 
tive index.  Deuterium  labeling  and  SANS  has 
allowed  the  direct  determination  of  the  interac- 
tions in  these  blends,  and  this  technique  has  now 
been  used  on  over  50  blends  involving  some  30 
different  polyolefins. 

FVom  such  a wealth  of  data  we  have  be- 
gun to  extract  some  general  conclusions  about 
the  thermodynamics  of  mixing  that  can  apply 
not  only  to  the  polyolefins  but  to  other  poly- 
mers as  well.  A major  portion  of  this  work 
has  involved  random  copolymers  of  ethylene  and 
butene,  covering  the  whole  range  from  polyethy- 
lene to  polybutene.  The  interactions  between  a 


pair  of  copolymers,  as  measured  by  the  Flory 
interaction  parameter,  depends  not  only  on 
the  relative  difference  in  butene  content  between 
the  copolymers  but  also  on  the  absolute  level  of 
branching;  the  x values  are  leirger  the  greater  the 
butene  content.  This  means  that  the  commonly 
used  mean  field  theory  for  copolymer  mixing 
which  relies  on  a single  parameter  to  describe  the 
interaction  between  ethylene  and  butene  groups 
cannot  explain  these  data.  Rather,  we  have 
found  that  the  simplest  explanation  is  to  assign 
a value  to  each  copolymer  (at  each  temperature) 
which  can  be  used  as  a solubility  parameter  in 
the  Hildebrand  regular  solution  scheme  to  de- 
scribe the  X parameters  seen. 

More  recently  we  have  measured  blends  of 
these  ethylene-butene  copolymers  with  many 
other  polyolefins,  as  well  as  mixtures  of  these 
other  polymers  with  each  other.  These  are  all 
saturated  hydrocarbon  polymers  with  empirical 
formula  CH2,  but  that  vary  in  the  lengths,  types, 
and  frequency  of  branching.  In  the  majority  of 
cases,  the  regular  solution,  solubility  parameter 
formulation  can  be  used  to  explain  the  x’s  and 
phase  behavior  seen.  Moreover,  these  solubility 
parameters  as  determined  from  the  blends  by 
SANS  are  essentially  equal  to  the  square  root 
of  the  internal  pressures  (cohesive  energy  den- 
sities) of  the  pure  components  from  PVT  mea- 
surements. (It  should  be  emphasized  that  these 
solubility  parameters  cannot  be  derived  from 
any  sort  of  a group  contribution  scheme.)  Thus, 
the  majority  of  these  polyolefin  blends  act  as 
regular  mixtures  for  which  the  interaction  ener- 
gies of  the  blends  can  be  directly  calculated  from 
the  cohesive  energies  of  the  components.  The 
next  step  is  to  see  how  these  cohesive  energies 
can  be  related  back  to  the  detailed  structures  of 
the  chains. 

For  a small  fraction  of  the  blends,  these  reg- 
ular solution  ideas  do  not  work,  and  so  we  have 
designated  these  mixtures  as  “irregular”.  Sev- 
eral of  them  have  a somewhat  greater  interaction 
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energy  density  than  would  be  expected  (that  is, 
a destabilization  of  the  single  phase),  which  can 
be  explained  by  equation-of-state  effects.  How- 
ever, most  of  the  irregular  blends  have  a much 
lower  interaction  energy  density  than  predicted 
by  the  regular  solution  ideas,  and  in  fact  some  of 
them  even  have  negative  x values.  Also,  several 
of  these  irregular  blends  display  LCST  phase  be- 
havior; that  is,  they  are  single  phase  at  room 
temperature  and  phase  separate  upon  heating. 
Such  behavior  is  not  uncommon  for  polymer 
blends,  but  is  generally  attributed  to  the  pres- 
ence of  strong,  specific  interactions  between  the 
components,  such  as  from  hydrogen  bonding.  In 
our  case  only  dispersive,  van  der  Waals  forces 
can  be  expected  between  these  polyolefins.  As  a 
result  of  this  surprising  discovery,  we  are  now  at- 
tempting to  determine  the  origins  of  these  strong 
interactions  in  the  irregular  blends. 

• Aggregating  Block  Copolymers  as 
Model  Systems  to  Study  Polymer 
Brush  Dynamics 

A-B  block  copolymers  in  a selective  solvent 
— good  for  the  B species  and  bad  for  the  A 
species  form  micellar  aggregates  with  a com- 
pact A-core  and  a corona  (brush)  of  B “hairs” 
reaching  into  the  solvent.  Whereas  polystyrene 
(PS)-polyisoprene  (PI)  in  decane  forms  special 
micelles  with  a PS  core  of  about  10  nm  rar 
dius,  polyethylene  (PE)-polyethylene-propylene 
(PEP)  forms  micellar  platelets,  the  shape  of 
which  is  governed  by  the  habitus  of  PE  crystal- 
lites forming  the  core.  These  planar  aggregates 
have  large  (several  hxmdred  manometers)  lateral 
extension  and  a core  thickness  in  the  rzinge  of 
10  nm.  Both  systems  are  model  systems  for 
polymer  brushes,  either  on  a spherical  surface 
or  planar.  Both  small  angle  neutron  scattering 
(SANS)  and  neutron  spin-echo  (NSE)  experi- 
ments were  performed  on  these  systems.  Es- 
pecially, NSE  experiments  allow  for  the  inves- 
tigation of  the  dynamics  of  the  brushes  which 
reflects  their  viscoelastic  properties.  The  brush 
dynamics  is  explained  using  a model  based  on 
an  idea  of  deGennes  describing  the  brush  prop- 


erties in  terms  of  scaling  relations  for  osmotic 
pressure  and  viscosity  of  a semidilute  solution 
with  inhomogeneous  density. 

• Polymers  in  Microcmulsion 

We  have  measured  the  dimension  of  the  mi- 
croemulsion droplets  containing  polymer  whose 
radius  of  gyration  in  water  without  the  mi- 
croemulsion is  several  times  larger  than  the 
droplet  radius,  in  order  to  test  the  validity  of  a 
microemulsion  model  based  on  interfacial  rigid- 
ity. The  system  of  interest  is  a standard  wa- 
ter in  oil  microemulsion  and  a series  of  wa- 
ter soluble  polyacryamide  at  different  molecular 
weights.  Both  SANS  and  dynamic  light  scatter- 
ing have  been  employed  to  study  the  size  and 
the  distribution  of  sizes  of  the  droplets  contain- 
ing polymers.  The  high  molecular  weight  poly- 
mers (in  the  range  of  1 to  2 million  daltons) 
were  polymerized  in- situ  using  a strong  Gamma 
source.  The  lower  molecular  weight  systems 
were  polymer  standards  incorporated  into  the 
droplet  system  by  prolonged  stirring  of  the  poly- 
mer containing  water  phase  into  the  oil  contin- 
uous microemulsion.  We  have  found  that  at  the 
lower  polymer  concentrations,  the  microemul- 
sion splits  into  a bimodal  distribution,  with  the 
larger  droplet  radius  depending  on  the  molec- 
ular weight  of  the  polymer.  We  have  derived 
a preliminary  theory  based  on  Safran’s  model 
on  the  minimization  of  the  free  energy  contain- 
ing an  extra  term  which  takes  into  account  of 
the  elastic  energy  of  the  compressed  polymer. 
Our  data  showed  very  good  agreement  with  the 
theory.  Figure  1 shows  a plot  of  the  measured 
radius  of  the  leirger  droplets  of  the  bimodal  dis- 
tribution normalized  by  the  radius  of  the  un- 
perturbed microemulsion  as  a function  of  the 
normalized  radius  of  gyration  of  the  polymers  it 
contained.  The  theoretical  curves  represent  pre- 
dictions with  different  bending  elastic  constant 
k in  units  of  k^T. 
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Figure  1.  The  radius  of  microemulsion  droplets  con- 
taining polyacryamide  as  a function  of  the  radius  of 
gyration  of  the  {x>lymers.  Both  radii  are  normalized 
by  Ro,  the  radius  of  droplets  without  pol3rmer.  Solid 
curves  are  calculations  with  various  bending  elastic 
constant  k. 


• Binfiry  Mixtures  in  Silica  Gels 

We  have  performed  SANS  experiments  de- 
signed to  probe  structure  in  a binary  mixture 
water  (D20)/lutidine  system  confined  in  silica 
gels  over  the  wavelength  range  60  A to  2000 
A.  The  fractal  dimension  of  the  gels  made  in 
D2O  as  determined  by  fits  to  the  SANS  data 
is  D/=2.1±0.1,  and  is  consistent  with  previous 
light  scattering  results. 

Studies  of  the  gel-mixture  samples  in  the 
one-phase  re^on  show  several  interesting  fea- 
tures. Even  well  away  from  Tc,  the  critical  tem- 
perature,  the  scattering  shows  a strong  static 
response  of  the  mixtm%  to  the  fiuctuations  in  sil- 
ica concentration,  over  the  entire  range  of  length 
scales  studied  here.  As  the  tender ature  ap- 
proaches Tc,  the  response  saturates  on  small 
length  scales.  The  length  scale  associated  with 
this  behavior  is  not  distinguishable  from  that  as- 
sociated with  the  critical  fiuctuations  to  within 
the  present  accuracy.  However,  the  amplitude 
of  the  response  is  clearly  not  proportional  to  the 
susceptibility  of  the  mixture,  as  it  would  be  for 
linear  response.  The  scattering  can  be  fit  very 
well  to  the  sum  of  three  contributions:  critical 


fiuctuations  of  the  mixture,  preferentially  ad- 
sorbed fiuid,  and  the  silica  gel  itself.  The  critical 
parameters  found  in  this  manner  are  com|>arable 
to  those  of  the  pure  system.  This  treatment  of 
the  data  is  similar  to  that  used  to  anal3rze  neu- 
tron scattering  data  for  field-cooled  random-field 
magnets  in  the  paramagnetic  phase,  however  the 
correlated  nature  of  the  gel  structure  resiilts  in 
a more  complicated  expression. 

Studies  of  the  gel-mixture  samples  in  the 
two-phase  region  reveal  qualitative  evidence 
for  the  existence  of  domains  corresponding  to 
lutidine-rich  and  water-rich  phases.  This  is  rem- 
iniscent of  the  domains  observed  in  field-cooled 
antiferromagnets  doped  with  non-magnetic  im- 
purities. For  the  gel-mixture  system  the  do- 
mains coarsen  noticeably  with  time,  and  their 
size  is  considerably  larger  than  the  distance  over 
which  fluctuations  in  silica  concentration  are 
correlated.  The  time  scale  of  the  coarsening  pro- 
cess changes  dramatically  with  concentration, 
which  is  intriguing  but  unexplained. 

• A Scattering  Evaluation  of  Dienyl- 

lithium  Association  States 

A subject  of  controversy  in  living  anionic 
polymerizations  has  been  centered  on  the  associ- 
ation state  exhibited  by  the  dienyllithium  chain 
ends  in  hydrocarbon  solvents.  Both  dimers  and 
tetramers  have  been  proposed  as  the  aggrega- 
tion state  of  these  allylic  active  centers.  The 
latter  value  has  been  favored  by  many  as  a con- 
sequence of  the  perceived  direct  connection  be- 
tween the  kinetic  order  of  the  propagation  event 
and  the  inverse  of  chain-end  association  state. 
A recent  evaluation  of  these  kinetic  orders  has 
shown,  though,  that  they  range  from  0.11  to  0.25 
with  the  majority  of  the  values  residing  in  the 
vicinity  of  0.18  to  0.21. 

We  have  utilized  a combination  of  scatter- 
ing techniques,  including  SANS  and  both  static 
and  dynamic  light  scattering,  to  measure  these 
aggregation  states.  The  protocols  for  sample 
prep>aration  involved  the  usual  high  vacuum  pro- 
cedures. Hydrogenous  polystyryllithium  was 
prepared  in  d6-benzene.  A portion  of  that 
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solution  was  exposed  to  d6- 1,3-butadiene  or 
d8-isoprene.  Termination  was  done  using  d4- 
methanol. 

The  SANS  measurements  were  done  using 
two  different  systems  having  base  polymers  of 
different  molecular  weights.  It  can  be  seen  from 
the  data  that  the  terminated,  the  styryllithium 
(PSLi)  and  butadiene  capped  chains  exhibit  typ- 
ical linear  chain  behavior.  The  4-arm  material, 
the  tetramer,  was  made  by  linking  the  active  bu- 
tadiene chains  with  SiC^.  Its  molecular  weight, 
via  SANS,  is  3.5  x 10^.  Thus,  this  star  serves  as 
an  adequate  model  for  the  associated  tetramer 
structure.  It  is  clear  from  the  data  that  little, 
if  any,  associated  tetrameric  structures  exist  in 
this  system  and  that  dimers  are  present.  Par- 
allel results  were  obtained  for  the  other  system 
examined  by  SANS  where  both  butadiene  and 
isoprene  capped  chains  were  examined.  Further- 
more, the  radius  of  gyration  values  for  the  linear 
PS  ( 27  A)  and  4-armed  star  ( 48  A)  are  compat- 
ible with  the  predicted  values.  Also,  the  SANS 
profile  of  the  4-armed  star  has  been  reproduced 
by  a simulation  approach. 

It  can  be  noted  from  the  SANS  data  that  the 
butadiene  capped  chain  shows  a higher  intensity 
at  low  q values  relative  to  the  parent  polystyryl- 
lithium.  This  is  apparently  caused  by  the  pres- 
ence of  associates  with  large  aggregation  states. 
Both  static  and  dynamic  light  scattering  con- 
firm the  presence  of  large  aggregates,  with  ag- 
gregation numbers  much  larger  than  2 or  even 
4.  The  static  scattered  intensity  from  the  living 
solution  is  an  order  of  magnitude  larger  than 
that  obtained  from  the  terminated  solution.  For 
the  dynamic  light  scattering,  the  data  from  the 
terminated  solution  were  consistent  with  a sin- 
gle relaxation  mode,  while  two  modes  are  re- 
quired to  fit  the  data  from  the  living  solution. 
The  hydrodynamic  radius,  measured  in  the  ter- 
minated solution,  is  R/i=32  A,  which  is  in  rear 
sonable  agreement  with  the  expected  value  for 
polystyrene  chains  in  a good  solvent.  The  R/i 
values  obtained  from  the  two  modes  in  the  liv- 
ing solutions  are  1200  A and  45  A.  The  smaller 
of  the  two  is  in  reasonable  agreement  with  that 


expected  from  a dimer.  The  larger  aggregate  is 
much  larger  than  twice  the  fully  stretched  length 
of  the  polymer  chains.  This  rules  out  compact 
micellar  star-shaped  aggregates  with  Li  at  the 
core.  A possible  conjecture  for  the  structure  of 
these  aggregates  are  cylindrical  structures  with 
a “spine”  of  Li.  Such  a structme  has  been 
found  for  polyisoprene  capped  with  a zwitter- 
ion.  Since  the  scattering  power  of  the  large  ag- 
gregates must  be  much  larger  than  that  of  the 
dimers  (due  to  its  apparent  size),  we  conclude 
that  relatively  few  chains  are  associated  in  the 
large  aggregates  because  of  our  ability  to  pick 
up  the  diffusion  of  the  dimers  at  all  angles.  To 
quantify  these  remarks,  we  need  an  exact  model 
for  the  aggregate,  and  this  requires  further  ex- 
perimentation. 

• Worm-like  Micelles  Under  Shear 

Worm-like  surfactant  micelles  are  initially 
spherical  at  low  surfactant  concentrations,  just 
above  the  critical  micellar  concentration  (CMC). 
They  transform  and  imdergo  uniaxial  growth  to 
become  cylindrical  aggregates  as  the  concentra- 
tion is  increased  to  become  cylindrical  aggre- 
gates with  a length  that  can  be  extremely  long 
compared  to  their  lateral  dimensions.  The  bond- 
ing of  these  aggregates  is  not  permanent,  and 
they  break  and  reform  continuously;  hence,  they 
are  sometimes  called  ‘living  polymers’.  Since, 
however,  the  interaction  between  the  ’segments’ 
of  the  micelle  is  quite  different  from  that  of  a 
polymer  chain,  it  is  imclear  what  aspects  of  poly- 
mer conformation  apply  to  them.  In  addition, 
because  of  their  ’living’  nature,  the  structme 
and  dynamics  can  change  dramatically  with  con- 
centration, or  by  the  infiuence  of  a shear  fiow. 

Here  we  report  scattering  studies  of  an  ionic 
type  of  worm-like  micelles,  in  dilute  and  semi- 
dilute solutions,  with  and  without  shear.  The 
micellar  solution,  vinyl  alkyl  quatemeiry  ammo- 
nium bromide,  was  made  up  by  mixing  a sur- 
factant solution  with  an  equimolar  amount  of 
sodium  salicylate  in  D2O.  The  CMC  was  deter- 
mined by  surface  tension  measurements  to  be 
0.002  wt%,  and  viscosity  data  suggest  an  over- 


117 


lap  concentration  c*  near  0.15  wt%.  For  the 
dilute  solution,  the  concentration  was  0.1  wt%; 
for  the  semi-dilute  solution  it  was  1.0  wt%. 

If  the  solution  is  dilute  and  shear  is  absent, 
the  scattering  patterns  are  consistent  with  rod- 
like molecules  with  a rather  large  length.  We 
combined  both  SANS  and  static  light  scatter- 
ing results,  and  determined  a radius  of  23  A 
and  a length  of  3400  A for  the  average  micelle 
size.  Under  an  applied  shear  flow,  the  dilute  so- 
lution scatters  anisotropically,  indicating  shear- 
induced  alignment,  as  expected,  and  the  length 
of  the  micelles  grows  to  at  least  twice  of  its  value 
at  rest  while  the  lateral  dimension  remains  the 
same.  However,  the  anisotropy  is  found  to  oc- 
cur only  when  the  shear  rate  is  above  a ’thresh- 
old’ value  of  about  40  Hz.  Furthermore,  at  that 
threshold  shear  rate,  there  exists  an  initial  time 
period  during  which  the  scattering  pattern  is 
still  isotropic.  By  contrast,  no  such  threshold 
shear  is  observed  for  the  semi-dilute  solutions. 

• Asphaltene  Aggregates  in  Solution 

Asphaltenes  are  one  of  the  basic  constituents 
of  bitumen  from  which  “heavy”  crude  oil  is  ex- 
treicted  from  reservoirs  such  as  tar  sands  in  Al- 
berta, Canada.  One  of  the  fundamental  research 
issues  in  heavy  oil  recovery  progreims  is  what 
gives  bitumen  its  extremely  high  viscosity.  In 
order  to  understand  this,  we  have  imdertaken 
a program  to  study  the  structure  and  associar 
tion  of  the  asphaltene  components  in  various  sol- 
vents, e.p.,  toluene  or  1-mathyl-naphthalene  by 
SANS,  and  to  correlate  the  results  with  rheolog- 
ical measurements  of  the  same  solutions  under 
same  conditions.  Another  component  of  bitu- 
men is  the  so-called  “maltene”  or  resins,  which 
are  thought  to  associate  with  the  asphaltenes 
in  the  bitumen  and  to  give  rise  to  high  viscosity. 
Our  SANS  results  can  be  summarized  as  follows: 
In  dilute  solutions  (1%  - 5%)  at  room  tempera^ 
ture  and  in  both  solvents,  the  asphaltenes  are 
aggregated  into  large  non-monodisperse  clus- 
ters, but  at  temperatures  >70  °C,  they  disag- 
gregate and  form  a solution  of  fairly  monodis- 
perse  particles  of  radius  of  gyration  42  A.  There 


appears  to  be,  in  1-mathyl-naphthalene,  no  ev- 
idence of  any  association  of  the  asphaltene  and 
maltenes  (the  latter  being  determined  to  have  a 
radius  of  gyration  of  about  17  A).  SANS  data 
of  asphaltenes  in  solution  up  to  concentration  of 
^>^30%  have  been  recorded  and  aire  currently  be- 
ing analyzed  to  model  the  interactions  between 
the  basic  colloidal  asphaltene  particles. 

• Colloidsd  Dispersions  in  Non-aqueous 

Solvent 

Dispersions  of  inorganic  colloids  in  non- 
aqueous  media  are  widely  used  in  industrial  ap- 
plication, for  example,  as  additives  to  lubricat- 
ing oils  for  neutrahzing  acids  formed  during  the 
combustion  in  engines.  The  one  being  studied 
here  consists  of  a Magnesium  Carbonate  core 
surroimded  by  a surfactant  shell,  dispersed  in 
an  organic  solvent  (oil).  There  is  also  consider- 
able interest  in  the  science  communities,  in  the 
structure  of  these  core-shell  type  of  particles,  the 
origin  of  their  colloid  stability  and  their  behavior 
in  concentrated  dispersions.  SANS  is  a particu- 
larly powerful  technique  because  we  can  change 
the  solvent  contreist  to  easily  match  the  scatter- 
ing length  density  of  either  core,  shell,  or  neither, 
and  compare  the  results  of  each  experiment. 

We  dilute  the  sample  using  octane/  deuter- 
ated  octane  to  lwt%  so  interactions  between  col- 
loidal particles  are  negligible.  According  to  the 
chemical  components  of  the  colloid/surfactant 
and  the  oil  (See  Table  1),  we  designed  three  dif- 
ferent matching  conditions  for  the  solvent:  03S: 
11.1%  d-decane  (rest  is  the  original  oil  and  de- 
cane), matches  the  surfactant.  In  this  case, 
the  data  can  be  fitted  with  a spherical  model 
with  Shultz  distribution  of  the  r^uiius:  R=18.1 
A (AR/R=0.49). 

02S:  55.5%  d-decane,  matches  the  core  par- 
ticles. In  this  case,  we  fitted  the  data  with  a 
shell  structure  with  an  inner  radius  of  18.0  A 
(AR/R=0.41),  in  excellent  agreement  with  the 
above  03S  matching,  and  an  outer  radius  of  59.2 

A. 

OIS:  does  not  match  any  part  of  the  colloidal 
structure,  but  contains  the  maximum  amoimt  of 
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Table  1.  Mass  and  Neutron  Scattering  Length  Densities  for  the  Colloid  and  Solvents. 

Formula  Density  pxlO”^® 

(n.s.l.d.) 

/g  cm“^  /cm“^ 

Colloid  core  3MgC03Mg(0H)2  2.16  3.34 

3H2O 


Surfactant  C30H53SO3 

Octane  CgHig 

Octane-dl8  CgDig 

fEstimate 


d-octane  and  therefore  least  amount  of  hydro- 
gen content.  It  also  provides  the  best  contrast 
to  both  the  core  and  shell  parts  of  the  colloidal 
structure.  The  data  are  being  fitted  with  a form 
containing  both  core  and  shell  structure. 

• Neutron  Waveguides 

Total  refiection  of  neutrons  from  smooth  in- 
terfaces has  a wide  range  of  applications  in  neu- 
tron optics.  Neutron  guide  tubes  have  been  suc- 
cessfully constructed  for  transporting  neutrons. 
Hollow  glass  capillaries  of  micrometer  diameters 
have  been  used  to  form  a neutron  focusing  lens. 
In  both  cases,  the  propagation  of  neutrons  is  de- 
scribed by  geometrical  optics.  If  the  transverse 
size  of  the  guiding  device  is  sufficiently  small, 
the  wave  nature  of  neutrons  becomes  essential, 
such  as  in  a planar  waveguide  composed  of  a 
thin  film  sandwiched  between  media  of  lower 
refractive  indices.  Similar  to  guides  for  visible 
light  and  x-rays,  a neutron  guide  can  sustain 
only  a discrete  set  of  guided  modes,  each  cor- 
responding to  two  coherent  neutron  waves  with 
well-defined  momenta  that  are  equal  in  ampli- 
tude but  opposite  in  sign.  Since  the  physics 
of  a thin-film  waveguide  is  equivalent  to  that 
of  a one-dimensional  potential  well,  coupling  of 
neutrons  can  be  achieved  from  a thin  boimd- 
ary  layers,  corresponding  to  the  resonant  tun- 
neling of  particles  through  a thin  barrier.  If 
the  coupling  efficiency  is  high,  the  fiux  of  neu- 
tron inside  the  waveguide  can  be  substantially 
increased  as  has  been  achieved  in  both  the  op- 
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0.704  -0.524 
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tical  and  x-ray  waveguides.  We  have  fabricated 
and  tested  a Ti02/Ti/Si  thin-film  guide  struc- 
ture composed  of  a coupling,  guiding,  and  de- 
coupling sections.  The  guiding  layer  was  a 1200 
A thick  Ti  film  evaporated  on  a Si  wafer.  A 
roughly  150  A thick  Ti02  film  was  then  formed 
electro-chemically  from  this  Ti  film.  By  nmsking 
off  the  coupling  and  decoupling  regions,  a 6000 
A thick  Si02  layer  was  evaporated  onto  the  cen- 
ter of  the  Ti02  film,  completing  the  main  body 
of  the  guide.  In  our  measurements,  a monochro- 
matic neutron  be£im  was  used.  The  guided  neu- 
tron waves  were  directly  observed  by  systemat- 
ically varying  the  incident  angle  of  the  incident 
beam  (on  the  coupling  side)  and  then  detect- 
ing the  neutrons  exiting  the  decoupling  region. 
The  resonant  nature  of  the  coupling  was  also 
confirmed  since  only  for  a small  limited  range 
of  incident  angles,  did  we  observe  the  guided 
neutron  waves.  Detailed  analysis  of  the  mea- 
sured intensity  indicated  that  the  neutron  fiux 
inside  the  waveguide  was  enhanced  by  a factor 
of  two.  The  enhancement  factor  can  be  readily 
increased  by  optimizing  the  parameters  of  the 
waveguide  structure  and  further  measurements 
are  in  progress. 

• Neutron  Microtomography 

The  3-d  study  of  fiuid  transport  in  porous 
media  with  about  20  micron  spatial  resolution 
is  the  goal  of  this  exploratory  effort.  Last  May, 
prior  to  the  cold  source  upgrade,  our  CCD  based 
2-d  position  sensitive  detector  demonstrated  the 
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feasibility  of  60  micron  tomographic  scanning  at 
NG7-30  M SANS  station  in  a maximum  flux 
configuration.  We  also  demonstrated  the  util- 
ity of  the  instrument  for  imaging  changes  in  hy- 
drocarbon and  water  saturations  in  a sintered 
bead  pack  during  drainage.  The  initial  estimate 
that  the  statistical  accuracy  of  the  detector  is 
neutron  flux  limited  was  confirmed  by  apply- 
ing a cascade  model  and  calculating  the  detec- 
tive quantum  efficiency  (DQE)  for  a variety  of 
detector  configurations.  Spatial  resolution  was 
evaluated  by  measuring  the  modulation  trans- 
fer function  (MTF)  of  the  detector  from  an  im- 
age of  a Cadmium  edge.  The  MTF  and  DQE 
were  measured  for  NE-426(ZnS4-(iF),  GS-20  (Li 
glass)  and  Lil(Eu)  scintillator  materials.  In  all 
cases  the  maximum  resolution  of  the  detector  is 
scintillator  limited.  The  Li  glass  gave  the  best 
result  when  both  MTF  and  DQE  are  considered. 
Although  the  light  output  of  this  material  is  low 
compared  to  NE-426  and  Lil(Eu)  it  is  a better 
match  to  the  CCD  full  well  depth  and  yields 
an  acceptable  DQE  of  57%  . This  scintillator 
has  the  potential  for  better  than  400:1  signal  to 
noise  ratio  in  a single  full  well  CCD  image  given 
adequate  integration  time.  MTF  measurements 
indicate  a spatial  resolution  of  8 Ip/mm  at  10% 
modulation  13  Ip/mm  at  1%  . We  estimate  the 
maximum  useful  spatial  resolution  of  this  ma^ 
terial  to  be  75  microns  which  is  close  to  our 
previous  qualitative  estimate.  MTF  results  for 
NE-426  and  Lil(Eu)  show  that  the  spatial  reso- 
lution of  these  materials  is  unacceptable  for  our 
purposes.  Further  improvements  in  resolution 
will  require  a scintillator  material  with  shorter 
range  for  both  internally  scattered  neutrons  and 
generated  charged  particles.  Given  these  results, 
we  expect  that  the  cold  neutron  facility  upgrade 
will  permit  significEuit  improvement  in  data  ac- 
quisition speed  and  signal  to  noise  for  both  to- 
mographic imaging  eind  time  dependent  radiog- 
raphy. 
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University  of  Minnesota  Programs 


The  University  of  Minnesota,  through  its 
Center  for  Interfacial  Engineering,  is  a mem- 
ber of  the  CNRF’s  participating  research  teeims 
(PRT)  in  small  angle  neutron  scattering  (SANS) 
(with  NIST  and  the  Exxon  Research  and  Engi- 
neering Co.)  and  reflectometry  (with  NIST  and 
IBM). 

SANS 

• Block  Copolymer  Phase  Behavior 

This  program  includes  several  research 
projects  aimed  at  establishing  the  molecular  fac- 
tors responsible  for  the  complex  phase  behav- 
ior exhibited  by  block  copolymers.  Numerous 
materials  have  been  prepared  by  £tnionic  poly- 
merization, followed  in  certain  instances  by  cat- 
alytic hydrogenation.  Rheological  testing  is  em- 
ployed to  establish  phase  transition  temperet- 
tures.  Small  angle  neutron  scattering  provides 
the  principal  means  of  determining  the  ordered 
state  symmetry,  and  is  also  used  to  character- 
ize fluctuation  efiects  in  the  disordered  state. 
Nearly  100  model  block  copolymers  have  been 
synthesized  and  examined  in  this  way  during  the 
last  several  years.  In  the  past  yeeir  this  effort  has 
resulted  in  the  identification  of  a new  bicontin- 
uous  cubic  phase  (Izi3d  space  group  symmetry), 
in  PEP-PEE,  PE-PEE,  PI-PS,  and  PS-PVP  di- 
block copolymers.  In  addition,  an  empirical  cor- 
relation has  been  established  between  the  renor- 
malized degree  of  polymerization  N=a^N/v^  (a 
and  V are  the  statistical  segment  length  and  vol- 
ume, respectively,  and  N is  the  degree  of  poly- 
merization) and  phase  complexity.  As  N ^ oo, 
we  find  that  the  bicontinuous  phase  disappears 
while  decreasing  N increases  the  temperature 
range  over  which  it  occurs.  The  associated 
composition  dependence  of  this  phsise  behav- 
ior has  been  linked  to  that  displayed  by  low 
molecular  weight  solvated  surfactants  and  lipids. 
Along  with  these  experiments  on  single  compo- 
nent block  copolymer  melts  we  have  been  inves- 


tigating binary  mixtures  of  diblock  copolymers. 
This  aspect  of  our  work  has  shown  that  block 
polydispersity  does  not  appreciably  change  the 
temperature  window  over  which  the  complex  bi- 
continuous and  perforated  phases  are  observed. 
However,  the  composition  range  where  these 
phases  are  observed  is  quite  sensitive  to  the  rel- 
ative component  molecular  weights  and  compo- 
sitions. SANS  experiments  with  PE^PEE,  PS- 
P2VP  and  PE-PEP  have  confirmed  that  the  de- 
tailed block  copolymer  phase  diagram  can  be  ef- 
ficiently mapped  using  binary  mixtures. 

• Influence  of  Shear  on  Block  Copoly- 
mers 

Block  copolymers  melt  microstructures  are 
susceptible  to  orientation  and  treinsformation 
during  deformation.  We  have  developed  a dy- 
namic shearing  device  that  is  ideally  suited  for 
probing  these  effects  while  conducting  SANS 
measurements.  One  of  these  devices  is  now  lo- 
cated at  the  PRT  SANS  instnmient  for  use  with 
high  molecular  weight  polymers  or  other  vis- 
coelastic materials.  During  the  past  year  we 
have  examined  the  influence  of  shear  on  a vari- 
ety of  ordered  and  disordered  block  copolymers 
melts.  Extensive  measurement  on  materials  con- 
taining a lamellar  morphology  have  revealed 
shearing  conditions  that  lead  to  two  distinct  ori- 
entations: perpendicular  (lamellar  normals  per- 
pendicular to  both  the  shear  direction  and  she2ir 
gradient)  and  parallel  (lamellar  normals  coinci- 
dent with  the  shear  gradient).  When  the  two 
blocks  in  a diblock  have  similar  frictional  prop- 
erties (e.p.,  entanglement  molecular  weights)  a 
perpendicular  arrangement  is  always  obtained 
near  the  order-disorder  transition  above  a criti- 
cal shear  rate.  Asymmetric  frictional  properties 
tend  to  favor  the  parallel  orientation.  The  re- 
sponse of  hexagonally  packed  cylinders  is  also 
dependent  on  the  ratio  of  frictional  properties. 
However,  with  this  morphology  the  composition 
also  plays  a significant  role.  We  have  found 
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that  a more  entangled  matrix  block  favors  full 
orientation  (i.e.,  cylinders  aligned  with  respect 
to  shear  direction  and  shear  plane).  Certain 
morphologies  also  display  a tendency  to  trans- 
form when  deformed.  For  example,  the  bicon- 
tinuous  Ia3d  phase  can  be  induced  to  change 
into  cylinders  under  certain  conditions.  Sur- 
prisingly below  a critical  she£ir  rate  this  inter- 
connected morphology  appears  to  survive  large 
strains  (100-500%).  Another  example  of  a shear 
induced  phase  transition  occurs  with  the  bcc 
sphere  state,  which  can  be  driven  into  hexag- 
onally  packed  cylinders. 

• Epitaxial  Relationships  in  Block 

Copolymer  Order- Order  Phase  Tran- 
sitions 

During  the  past  year  we  discovered  a re- 
markable feature  associated  with  the  hexagonal- 
to-Ia3d  bicontinuous  phase  transition  in  block 
copolymer  melts.  Although  these  microstruc- 
tures are  composed  of  nearly  random  walk 
chains,  the  phase  transition  occurs  in  a highly 
cooperative  fashion  that  converts  the  cylinder 
axis  into  a (111)  direction  of  the  cubic  unit  cell. 
This  behavior  is  essentially  identical  to  what  is 
known  to  occur  in  certziin  lyotropic  liquid  crys- 
talline systems.  However,  owing  to  the  mechan- 
ical integrity  of  these  polymer  specimens  the  na- 
ture of  the  epitaxy,  and  its  effects  on  phase  tran- 
sition kinetics,  can  be  a study  in  great  detail.  We 
have  exploited  the  phase  behavior  documented 
in  a number  of  our  block  copolymers  along 
with  the  dynamic  she£iring  device  in  conducting 
these  experiments.  Several  phase  transitions, 
including  hex  cylinders-to-bcc  spheres,  hexago- 
nally  perforated  layers-to-hex  cylinders,  and  hex 
cylinder&-to-Ia3d  bicontinuous  have  been  inves- 
tigated. 

• Binary  Polymer  Mixture  Phase  Behav- 
ior 

One  of  the  most  effective  methods  of  charac- 
terizing the  phase  diagram  of  a polymer-polymer 
mixture  is  by  neutron  scattering.  The  segment- 
segment  interaction  parameter  (x)  can  be  de- 
termined in  the  one-phase  region.  Extrapola^ 


tion  of  the  inverse  zero-angle  intensity  provides 
an  estimate  of  the  stability  temperature  while 
the  equilibrium  (binodal)  point  can  be  associ- 
ated with  a discontinuous  change  in  the  scatter- 
ing profile.  Fluctuation  effects  can  also  be  char- 
acterized near  the  critical  point.  We  have  ex- 
amined these  features  in  two  classes  of  polymers: 
model  polyolefin  mixtures  and  isotopic  mixtures. 
Perdeuterated  poly  (ethylene)  (PE),  obtained  by 
deuterating  perdeuterated  poly (1,4  butadiene), 
was  mixed  with  poly(ethylenepropylene)  (PEP). 
These  components  were  carefully  synthesized  so 
that  the  critical  temperature  for  demixing  was  at 
an  experimentally  tractable  132  °C.  SANS  mea- 
siuements  were  performed  on  several  mixture 
compositions,  from  which  x(T)  was  determined. 
This  has  been  compared  with  the  correspond- 
ing block  copol5Tner  result.  The  isotopic  sys- 
tem dPEP  and  hPEP  was  evaluated  in  the  one- 
phase  region  at  several  compositions,  reveahng 
a nearly  composition  independent  x par2Lmeter. 
Because  this  system  is  slow  to  nucleate  phase 
separation  in  the  metastable  region,  the  mix- 
tmes  could  be  cooled  right  down  to  the  stability 
limit  thereby  providing  an  excellent  characteri- 
zation of  the  phase  diagram.  Both  the  PE/PEP 
and  dPEP/hPEP  mixtiues  are  being  used  in  col- 
laborative investigations  of  phase  separation  dy- 
namics (nucleation  and  growth  and  spinodal  de- 
composition). 

Reflectometry 

• Confined  Block  Copolymers 

Morphology  and  surface  wetting  behavior 
of  block  copolymer  thin  films  have  been  in- 
vestigated in  confinement.  Model  di block 
copolymer  of  nearly  symmetric  poly(ethylene- 
propylene)-poly(ethylethylene)  (PEP-PEE)  was 
studied  in  confinement  between  hard  walls  of 
poly  (styrene),  and  poly  (styrene)  and  silicon.  A 
homopolymer  of  a higher  glass  transition  tem- 
perature than  the  copolymer  was  found  to  be 
effective  in  suppressing  the  formation  of  islands 
and  holes  that  would  otherwise  form  at  the 
copoljmier/air  interface.  From  neutron  refiec- 
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tivity  measurements,  we  infer  that  the  domain 
period  of  the  diblock  copolymer  in  confinement 
is  a function  of  the  film  thickness.  The  chains 
adopt  an  expanded  or  a contracted  conformation 
(wrt  unconfined  situation)  such  that  the  free  en- 
ergy is  minimized.  A lamellar  morphology  par- 
allel to  the  confining  surfaces  is  observed  at  all 
degrees  of  frustration.  In  addition,  model  fitting 
of  reflectivity  profiles  reveal  that  the  PEE  block 
always  preferentially  segregates  to  the  confining 
surfaces.  The  strong  wetting  tendency  of  PEE 
block  is  reasoned  to  be  due  to  the  confonnar 
tional  asymmetry  and  is  well  documented  in  lit- 
erature. We  hypothesize  an  effective  interfacial 
energy  for  each  block  with  the  confining  surfaces 
that  includes  non-local  entropic  contributions, 
and  interpret  the  results  in  confinement  (consis- 
tent with  the  recent  theoretical  and  numerical 
calculations)  due  to  the  reduction  in  the  effective 
interfacial  energy  of  the  PEE  block.  These  re- 
sults also  provide  a new  approach  towards  prob- 
ing the  influence  of  chain  stretching  on  the  sta^ 
bility  of  block  copolymer  structures. 

• Selective  Solvent  Effects  on  Block 
Copolymer  Films 

Ordered  films  of  symmetric,  f=0.5., 
poly(styTene  -b-2-vinyl  pyridine)  (PS-PVP) 
block  copolymer  on  silicon  substrates  have 
been  exposed  to  meth£Uiol  sind  examined  using 
neutron  reflectivity.  In  the  dry  state,  these 
Aims  form  alternating  lamellsir  PS  and  PVP 
domains  aligned  parallel  to  the  substrate 
surface.  Methanol  is  a preferential  solvent  for 
PVP;  consequently,  it  tends  to  segregate  more 
to  the  PVP  domains  in  the  fllm.  When  the 
dry  film  is  exposed  to  methanol,  considerable 
swelling  of  the  film  occm*s  and  the  reflectivity 
curve  for  the  swollen  film  shows  dramatic 
differences  from  that  for  the  dry  film.  Above 
about  40  K molecular  weight  of  the  diblock,  the 
welling  (at  ambient  temperatures)  is  reversible 
in  that  the  initial  dry  reflectivity  profile  of  the 
film  is  recovered  after  the  solvent  is  allowed 
to  evaporate  from  the  film.  The  films  achieve 
equilibrium  swelling  relatively  rapidly  (on  the 


time  scale  of  several  minutes  for  a film  that 
is  about  1000  A thick),  where  equilibrium  is 
defined  in  the  sense  that  no  further  noticeable 
changes  occur  in  the  swollen  film  reflectivity 
profile  over  a period  of  about  5 hrs.  Further- 
more, after  initial  exposure  to  solvent  and 
subsequent  drying,  the  films  shrink  shghtly 
(a  few  percent)  compared  to  the  initial  dry 
thickness.  This  decrease  in  film  thickness  has 
been  attributed  to  a solvent-induced  annealing 
of  the  film  when  the  presence  of  solvent  releases 
some  of  the  degrees  of  freedom  associated  with 
chain  motion.  Preliminary  results  indicate  that 
the  local  degree  of  swelling  of  the  film  increases 
with  the  distance  from  the  substrate,  at  least 
for  the  first  several  microstructure  periods. 
The  overall  structure  remains  approximately 
lamellar. 

• Block  Copolymer  Thin  Films 

The  bulk  phase  behavior  of  block  copoly- 
mers can  be  modified  when  these  materials  are 
confined  within  thin  films.  Certain  morpholo- 
gies do  not  easily  conform  to  the  flat  symme- 
try of  a hard  wall,  or  the  boimdary  conditions 
imposed  by  selective  wetting  of  one  block  com- 
ponent at  the  film  surfaces.  We  have  been  ex- 
ploring how  these  factors  influence  phase  behav- 
ior using  block  copolymers  that  have  been  well- 
characterized  in  the  bulk  state.  Of  particular 
interest  are  the  newly  discovered  HPL  (hexag- 
onally  perforated  layers)  and  bicontinuous  Ia3d 
morphologies.  To  date  we  have  shown  that  a 
reduction  in  film  thickness  reduces  the  number 
of  phases  observed  while  increasing  the  order- 
disorder  transition  temperature.  Because  spec- 
ular reflectivity  does  not  probe  in-plane  order, 
the  neutron  reflection  experiments  must  be  com- 
plemented with  other,  more  direct  techniques, 
such  as  electron  microscopy.  Measurements  have 
been  conducted  on  a wide  variety  of  diblock 
copolymers  and  block  copolymer  mixtures.  Se- 
lective deuteration  has  allowed  us  to  identify  the 
chain  packing  characteristics  in  mixtures  that 
contain  a bimodal  distribution  of  block  lengths. 
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CNRF  Instrumentation  Development 


FY94  saw  very  significant  progress  made  in  a 
broad  spectrum  of  CNRF  instrumentation.  This 
includes  the  near-completion  of  the  neutron  in- 
terferometer, continued  installation  and  testing 
of  parts  of  the  disk  chopper  TOF  spectrometer, 
completion  of  parts  of  the  back-scattering  spec- 
trometer, progress  with  the  spin-echo  spectrom- 
eter, and  improvements  in  the  two  Center  for 
High  Resolution  Neutron  Scattering  (CHRNS) 
instruments:  the  CHRNS  30-m  SANS  and  the 
SPINS  spectrometers.  Significant  achievements 
in  the  development  of  neutron  capillary  guides 
have  continued  along  with  important  develop- 
ments in  a number  of  other  areas. 

Instrumentation  related  to  Fundamental 
Neutron  Physics  and  to  prompt-gamma  activa- 
tion analysis  and  cold  neutron  depth  profiling  is 
described  elsewhere  in  this  report. 

New  Instruments 

• Disk  Chopper  Time-of-Flight  Spec- 
trometer (DCS) 

This  instrument,  shown  schematically  in  fig- 
ure 1,  will  be  used  for  a variety  of  experiments, 
such  as  investigating  quasielastic  scattering  emd 
low  energy  inelastic  scattering  spectra  in  materi- 
als that  exhibit  diffusional  and  vibrational  phe- 
nomena [1].  It  will  use  a set  of  chopper  disks, 
and  a partitioned  guide,  to  produce  pulses  of 
neutrons  of  a single  wavelength  at  the  sample 
position.  The  first  and  last  chopper  pairs  deter- 
mine the  incident  wavelength  and  the  three  in- 
termediate choppers  remove  contzuninant  wave- 
lengths and  unwanted  pulses.  There  eire  three 
slots  in  each  of  the  disks  belonging  to  the  first 
and  last  counter-rotating  chopper  pairs.  By  ap- 
propriately phasing  these  disks  the  resolution  of 
the  instrument  can  be  changed,  without  having 
to  change  the  incident  wavelength  or  the  speed 
of  the  choppers.  The  sample  ch£unber  will  ac- 
cept a variety  of  cryostats  or  furnaces,  providing 
the  capability  to  locate  the  sample  at  the  correct 


position  and  in  the  desired  orientation.  A total 
of  840  detectors  will  be  placed  4 meters  from 
the  sample,  in  three  parallel  banks.  Their  total 
active  area  will  be  almost  11  m^.  The  antici- 
pated energy  resolution  of  the  instrument  in  its 
high  resolution  (low  resolution)  mode  of  opera- 
tion, with  the  choppers  spinning  at  20,000  rpm, 
is  w250  (wl250)  fieY  at  2 A and  »6  (w25)  /xeV 
at  8 A incident  wavelength  [1]. 

During  the  past  year  we  have  continued  to 
test  the  choppers  extensively.  On  the  whole 
they  have  performed  remarkably  well,  but  on 
several  occasions  we  have  had  problems  with 
the  magnetic  bearing  control  modules  and  with 
the  VME^based  chopper  control  modules.  We 
are  developing  methods  of  monitoring  chopper 
performance  that  are  largely  independent  of  the 
chopper  control  electronics.  For  example  we  rou- 
tinely use  a commercial  PC-b£Lsed  multichan- 
nel scaler  (with  16,384  channels  and  a minimum 
dwell  time  of  5 ns)  to  measure  the  long-term 
phase  stability  of  the  choppers. 

The  guide,  which  incorporates  an  optical  fil- 
ter to  remove  high  energy  radiation  [2] , was  de- 
livered in  late  1994  eind  will  be  installed  in  1995. 
There  has  been  considerable  progress  in  the  de- 
sign of  the  sample  chamber  (Fig.  2). 

A major  effort  has  been  devoted  to  devel- 
oping the  data  acquisition  and  chopper  control 
software  that  runs  on  the  VAX  4000.  Recog- 
nizing the  need  to  prevent  the  possibility  of  con- 
flicts in  user  actions,  and  the  desire  to  implement 
code  that  is  virtually  platform-independent,  all 
hardware  control  is  concentrated  in  a single 
interface  program  which  has  unique  access  to 
hardware  peripherals.  This  program  talks  to 
user-friendly  programs  that  determine  all  as- 
pects of  instrument  operation.  Software  for 
the  Fermi  chopper  spectrometer  and  for  the 
backscattering  spectrometer  will  be  developed 
in  similar  fashion. 

As  of  mid-December  1994  we  had  received 
669  detectors  and  662  amplifiers  from  the  manu- 
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Figure  1.  3-d  view  of  the  disk  chopper  spectrometer  (DCS)  showing  the  neutron  guide,  four  chopper 
housings,  the  sample  chamber,  and  the  flight  chamber. 


facturer.  AU  detectors  and  amplifiers  are  tested 
for  compliance  with  contract  specifications  and 
defective  units  are  returned  for  repair  or  replace- 
ment. At  an  early  stage  these  tests  revealed  £in 
oversight  in  the  method  of  fabrication  of  the  am- 
plifier cases,  and  modified  procedures  were  im- 
mediately adopted  by  the  manufacturer.  Two 
detectors  have  so  far  been  returned. 

In  its  final  form  the  data  acquisition  sys- 
tem will  comprise  a PC-controlled  digital  in- 
put/output board  that  will  interrogate  and  store 
data  from  approximately  27  data  input  boards, 
eeich  of  which  treats  the  signals  from  32  detec- 
tor amplifiers.  A data  input  board  has  been 
designed,  with  extensive  simulation  tests  to  en- 
sure proper  signal  timing,  and  a prototype  board 
has  been  constructed  and  is  being  tested.  The 
present  design  uses  standard  TTL  components 


but  a version  using  field-programmable  gate  ar- 
rays is  also  planned. 

• “SPINS”  Spectrometer 

The  Spin  Polarized  Inelastic  Neutron  Scat- 
tering (SPINS)  spectrometer  is  an  innovative  hy- 
brid of  that  mainstay  of  inelastic  neutron  scat- 
tering, the  triple-axis  spectrometer,  designed  to 
provide  high  energy  resolution,  full  polariza- 
tion analysis,  and  higher  intensity  than  con- 
ventional triple-axis  spectrometers.  The  basic 
spectrometer,  initially  configured  as  a triple-axis 
instrument  with  a vertically  focusing  pyrolytic 
graphite  monochromator  and  analyzer,  was  in- 
stalled on  its  neutron  guide  in  the  spring  of  1993. 
A higher  than  desirable  general  backgroimd  level 
and  problems  with  the  drive  mechanism  for 
the  instrument’s  monochromator  shield,  how- 
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Figure  2.  The  proposed  design  for  the  sample  cham- 
ber of  the  Disk  Chopp>er  Sp>ectrometer,  showing  the 
oscillating  r^ldial  collimator  (ORC),  and  a cryostat 
bolted  to  the  sample  table.  The  inside  diameter  of 
the  chamber  is  w73  cm  and  its  height  is  wl38  cm. 
The  ORC  can  be  lowered  w30  cm  in  order  to  accomo- 
date ancillary  equipment,  such  as  a neutron  camera, 
at  beam  height.  The  large  door  simplifies  access  to 
the  sample  p>osition  and  to  sample  and  collimator 
positioning  equipment. 

ever,  necessitated  modifications  to  the  instru- 
ment that  were  undertaken  in  the  faD  of  1993 
and  successfully  completed  by  the  early  spring 
of  1994.  As  a result,  the  background  radiation 
at  the  instrument  has  been  reduced  to  an  ac- 
ceptable level  and  the  instrument  now  operates 
smoothly  and  reliably  under  computer  control 
over  its  entire  design  range  of  incident  neutron 
energies  from  2 to  17  meV  and  delivers  the  ex- 
pected fiux  at  the  sample  position. 

Development  of  the  advanced  instrumenta- 


tion that  will  give  the  SPINS  instrument  its 
unique  capabilities  has  proceeded  in  parallel 
with  the  construction  of  the  basic  spectrome- 
ter and  is  now  substantially  complete.  The  de- 
sign goal  of  95%  polarizing  efficiency  (with  70% 
transmission  of  neutrons  of  the  selected  spin 
state)  has  been  met  in  extensive  in-beam  tests 
of  a full  scale  prototype  transmission  polarizer, 
consisting  of  a stack  of  100  mechanically  curved 
thin  plates  of  silicon,  each  with  an  iron-silicon 
supermirror  coating.  The  mechanical  construc- 
tion of  the  Drabkin-type,  energy-dependent  spin 
fiipper,  that  in  conjunction  with  the  polarizers 
partially  decouples  the  energy  and  momentum 
resolution  of  the  spectrometer,  has  also  been 
completed  and  work  on  the  electronics  to  pro- 
vide easy  programmable  control  of  the  currents 
in  the  device  is  well  imderway.  In  addition, 
through  a collaboration  with  Collin  Brohohn’s 
group  in  the  Physics  Department  of  Johns  Hop- 
kins University,  a focusing  multi-crystal  energy 
analyzer,  designed  to  be  interchangeable  with 
the  Drabkin  fiipper,  has  been  constructed  for 
high  energy  resolution  measurements  with  impo- 
larized  neutrons.  A 12.5  cm  thick  polyethylene 
shield,  lined  with  boron  impregnated  rubber,  to 
house  the  energy  analyzer  and  detector  bank  has 
also  been  constructed.  This  shield  has  been  de- 
signed to  accommodate  either  the  Drabkin  fiip- 
per or  the  horizontally  focusing  crystal  analyzer. 
The  SPINS  spectrometer  is  expected  to  become 
fully  operational  soon  after  the  CNRP  resumes 
operation  in  early  1995. 

The  SPINS  spectrometer,  along  with  the  30 
m SANS  instrument  on  guide  NG-3,  are  par- 
tially supported  by  the  NSF  through  its  Center 
for  High  Resolution  Neutron  Scattering  at  the 
CNKF. 

• SANS  Instrument  Improvements 

During  the  shutdown  to  install  the  new  liq- 
uid hydrogen  cold  source,  a number  of  improve- 
ments were  made  to  the  NG-7  30-meter  SANS 
instrument.  Chief  among  these  were  modifica- 
tions to  the  sample  chamber  and  post-sample 
fiight  path  to  allow  the  instrument’s  area  detec- 
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tor  to  be  positioned  as  close  as  1.2  m from  the 
sample  thus  increasing  the  maximum  Q limit 
to  6 nm“^.  The  total  Q-range  now  accessi- 
ble extends  from  0.015  to  6 nm~^  and  matches 
that  available  on  the  newer  CHRNS  30  m SANS 
instrument  on  guide  NG-3.  The  manual  sys- 
tem for  inserting  and  removing  sections  of  neu- 
tron guides  to  vary  the  beam  collimation  in 
the  pre-sample  flight  path  was  also  replaced  by 
the  same  type  of  computer-controlled,  stepper- 
motor-driven  system  that  has  proven  reliable  in 
nearly  two  years  of  operation  at  the  NG-3  SANS. 
The  neutron  shielding  at  the  instrument  was  also 
improved  through  the  use  of  ®LiF-based  mate- 
rials in  an  eflbrt  to  eliminate  potential  sources 
of  parasitic  scattering  and  to  reduce  ambient 
capture  gamma  radiation.  These  improvements 
were  made  possible,  in  part,  through  support 
from  Texaco  Inc.  which  has  recently  joined 
NIST,  the  Exxon  Research  and  Engineering  Co., 
and  the  University  of  Minnesota  as  members  of 
the  Participating  Research  Team  that  uses  and 
supports  the  operation  of  the  NG-7  SANS  in- 
strument. 

• Neutron-Backscattering  Spectrometer 
The  CNRF  High-Flux  Backseat tering  Spec- 
trometer (HFBS)  is  currently  imder  develop- 
ment and  will  occupy  the  end  position  on  guide 
NG-2.  The  purpose  of  the  instrument  is  to  pro- 
vide the  neutron  user  community  with  an  en- 
ergy resolution  of  less  than  1 /leV  with  as  high 
a flux  as  possible  using  state-of-the-art  neutron 
optics.  To  this  end,  the  instrument  design  incor- 
porates several  flux-enhancing  elements  includ- 
ing a 4 m long  converging  guide,  a spherically- 
focussing  monochromator  and  analyzer,  and  a 
novel  device  known  as  a phase  space  transform 
(PST)  chopper.  The  HFBS  will  operate  in  a 
flxed-flnal-energy  mode  of  E/=2.08  meV.  This 
energy  is  set  by  the  d-spacing  between  the  (111) 
lattice  planes  of  silicon  which  covers  the  ana^ 
lyzer.  The  incident  neutron  energy  will  be  var- 
ied using  a Si(lll)  monochromator  attached  to 
a Doppler  drive  which,  when  running  at  full 
speed,  will  permit  users  access  to  a maximum 


neutron  energy  transfer  of  AE=±50  /xeV.  The 
target  energy  resolution  for  the  HFBS  is  «0.75 
fieV  FWHM  with  a Q-range  of  0.15  to  1.8  A“^. 

It  is  hoped  that  the  HFBS,  at  the  expense  of 
some  degradation  in  energy  resolution,  will  pro- 
vide a significant  increeise  in  flux  beyond  that 
presently  available  at  other  backscattering  facil- 
ities. The  converging  guide  will  focus  the  neu- 
tron beam  down  from  a cross-  section  of  15  cm 
X 6 cm  to  2.8  cm  x 2.8  cm.  The  guide  will  be 
coated  with  20c  (Ni)  supermirrors  on  all  interior 
sides,  and  should  increase  the  flux  incident  on 
the  PST  chopper  1^  a factor  of  3,  while  increas- 
ing the  beam  divergence.  The  eflect  of  the  PST 
chopper  is  then  to  Doppler-shift  neutron  ener- 
gies up  or  down  depending  on  whether  they  are 
less  than  or  greater  than  2.08  meV,  respectively. 
Monte  Carlo  simulations  suggest  that  the  phase- 
space  transformation  process  should  enhance  the 
flux  of  2.08  meV  neutrons  on  the  monochroma- 
tor by  a factor  of  3 to  6 over  that  from  a sta- 
tionary deflecting  crystal.  This  factor  will  de- 
pend critically  on  the  reflectivity  of  the  pyrolytic 
graphite  (PG)  crystals  that  are  to  be  used  in  the 
construction  of  the  chopper.  Extensive  measure- 
ments of  the  neutron  reflectivity  and  instrinsic 
mosaic  width  of  himdreds  of  PG  crystals  are  be- 
ing carried  out  at  Brookhaven  National  Labora- 
tory to  select  the  best  PG  crystals  possible. 

All  of  the  major  components  of  the  HFBS 
have  been  ordered  and  should  £irrive  by  June 
of  1995  with  the  exception  of  the  analyzer. 
This  includes  the  neutron  velocity  selector,  neu- 
tron guide,  converging  guide,  Doppler  drive, 
monochromator,  and  phase  space  transform 
chopper.  Delivery  of  the  analyzer  has  been  de- 
layed pending  the  completion  of  a series  of  tests 
at  the  ILL  on  three  analyzer  sections  using  IN16. 
The  results  of  these  tests  will  be  used  to  deter- 
mine the  Si(lll)  wafer  thickness  necessary  to 
reach  the  target  energy  resolution  with  maximal 
neutron  reflectivity.  The  HFBS  analyzer  will 
stand  2 m tall,  span  165°  in  scattering  angle, 
and  cover  an  area  of  wl2  m^  nearly  70%  more 
than  that  of  INI 6.  The  analyzer  is  scheduled  for 
completion  by  September  of  1995  assuming  the 
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ILL  reactor  restarts  in  November  of  1994.  If  this 
schedule  holds,  then  the  HFBS,  which  wiU  oper- 
ate as  a user  instrument,  should  come  on  line  in 
early  1996. 

• Spin  Echo  Spectrometer 

The  Neutron  Spin  Echo  (NSE)  Spectrome- 
ter is  being  built  and  will  be  operated  as  a PRT 
facility  involving  NIST,  KFA-Julich,  and  Exxon 
Research  and  Engineering  Co.  The  KFA-Julich 
has  recently  finished  construction  of  a similar 
spectrometer.  The  CNRF  NSE  spectrometer 
will  be  installed  in  the  end  position  on  guide 
NG-5.  The  instrument  is  optimized  to  maxi- 
mize the  neutron  fiux  on  the  sample  (by  keeping 
the  length  as  short  as  possible),  while  achieving 
as  high  a resolution  as  practicable.  The  maxi- 
mum Fourier  time  is  expected  to  be  at  least  9.2 
x 10^®A^s/m^  (i.e.  47  ns  for  8 A neutrons,  which 
corresponds  to  ein  energy  resolution  of  14  neV). 
The  design  attempts  to  reduce  the  magnetic  field 
coupling  between  the  two  main  coils  in  order  to 
allow  access  to  large  momentum  transfers  (up  to 

2 A-i). 

The  incident  beam  will  be  monochromatized 
to  wlO%  by  a mechanical  velocity  selector  (de- 
livered this  year  by  Domier),  and  poleirized 
by  a transmission  cavity  similar  to  that  devel- 
oped for  SANS  use.  Provisions  have  been  made 
for  the  possible  use  of  a reflection  polarizer  at 
longer  wavelengths  or  a Drabkin  flipper  for  bet- 
ter monochromatization  of  the  beam.  An  opti- 
cal filter,  similar  to  that  designed  for  the  NG-4 
Disk  Chopper  Spectrometer,  is  being  considered. 
This  would  allow  an  increase  in  the  neutron  flux 
on  the  sample  of  40%  as  a Bi/Be  filter  will  not 
be  required.  The  planned  optical  filter  will  allow 
75%  flux  transmission  at  6 A,  and  100%  above 

8 A. 

The  main  coils,  along  with  their  power  sup- 
plies are  to  be  delivered  in  November  1994.  The 
remaining  electronics  and  carriers  for  the  coils 
will  be  delivered  in  fall  of  1995. 


Other  Instrumentation 

• Capillary  Neutron  Optics 

A new  neutron  lens  [3]  has  been  constructed 
to  focus  neutrons  from  the  exit  of  guide  NG- 
7 (at  the  PGAA  station).  The  design  of  the 
new  lens  is  based  on  earlier  neutron  transmission 
and  divergence  measurements  of  individual  cap- 
illary fibers  and  protype  lenses  [4-7].  The  lens  is 
made  with  polycapillary  fibers  drawn  from  lead 
silicate  glass  with  a critical  angle  of  11.0  mrad 
nm“^.  A sketch  of  the  lens  is  shown  in  figure 
3.  The  fractional  filled  area  of  the  lens,  defined 
by  the  ratio  of  the  area  occupied  by  fibers  to 
that  of  the  entire  entrance,  is  0.175.  The  out- 
ermost fibers  (along  the  x-direction,  i.e.  hori- 
zontal, transverse)  have  the  maximum  bending 
angle  (or  half-convergence  angle),  Q,  of  0.22  rad 
(about  13°). 

The  lens  is  placed  at  the  NG-7/PGAA  loca- 
tion, where  no  collimation  is  used  between  the 
exit  of  the  guide  and  the  lens,  so  that  the  lens 
is  fully  illuminated.  The  size  and  intensity  of 
the  transmitted  neutron  beam  is  determined  us- 
ing a video  radiation  detector  (VRD)  [8].  The 
average  intensity  is  evaluated  by  integrating  the 
number  of  counts  on  the  pixels  within  the  area 
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Figure  4.  (a)  The  neutron  beam  distribution  ob- 
tained by  a line  profiling  across  the  center  of  the  fo- 
cus. (b)  The  average  current  density  gain  as  a func- 
tion of  the  r€uiius  r of  the  concentric  sampling  area 
centered  on  the  focus. 

of  interest.  A line  profile  obtained  by  sampling 
across  the  center  of  the  image  at  the  focal  point, 
normalized  to  the  incident  beam  current  density, 
is  shown  in  figure  4 (a)  which  ^ves  a FWHM  of 
0.53  mm.  Shown  in  figure  4 (b)  is  the  average 
cmrent  density  gain  as  a function  of  sampling 
radius,  which  is  obtained  by  measuring  neutron 
intensity  over  areas  with  various  radii  at  the  fo- 
cus normalized  to  the  intensity  of  the  incident 
beam.  The  peak  gain  is  105,  and  an  average 
gain  over  the  area  of  diameter  0.53  mm  is  80. 
PGAA  measmements  have  been  performed  [9] 
to  demonstrate  the  enhanced  detection  sensi- 
tivity and  spatial  resolution  in  one  dimension. 
In  these  experiments  the  1 mm  ®LiF  aperture 
is  placed  at  the  focal  plane  to  define  the  fo- 


Figure  6.  Scanning  fiber  samples  across  the  focus 
for  PGAA  measurement,  (a)  0.4  mm  fibers,  (b)  1 
mm  fibers. 

cused  beam.  A glass  bead  containing  2 wt.% 
Gd  ( 0.23  mm  x 0.385  mm  in  cross  section)  and 
a Cd  metal  particle  ( 0.5  mm  x 0.45  mm  in  cross 
section)  have  been  measmed  with  and  without 
the  lens.  The  gain  in  the  gamma  count  rate 
in  both  cases,  i.e.,  for  the  gadolinium  182  keV 
peak  and  cadmium  558  keV  peak,  is  a factor  of 
60.  In  the  resolution  measurement,  the  szimples 
are  glass  polycapillary  fibers,  similar  to  those 
used  in  the  focusing  lens  except  differing  in  com- 
position. A row  of  lead-silica  and  borosilicate 
fibers,  is  arranged  alternately  (B-Pb-B-Pb...), 
side  by  side,  behind  the  apertme.  Two  sets  of 
fibers  have  been  measured:  one  with  diameter 
0.4  mm,  the  other  1 mm.  The  count  rate  of  the 
boron  peak  at  478  keV  is  monitored  as  the  row 
of  samples  is  scanned  in  the  x direction  along 
the  focal  plane.  Figure  5 shows  an  overlay  of  an 
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optical  microscope  image  of  the  fibers  find  the 
PGAA  coimt  rate  at  the  corresponding  fiber  po- 
sitions. The  peaks  are  partially  resolved:  (peak- 
valley)/ (peak-background)  ^ 38%  (100%  repre- 
sents complete  resolution)  for  the  smaller  fibers, 
and  are  almost  completely  resolved  (97%)  for  the 
larger  ones. 

The  Hydrogen  Cold  Source 

A major  part  of  the  current  reactor  shut- 
down, which  began  May  26,  1994,  is  the  re- 
placement of  the  D2O  cold  source  with  a liq- 
uid hydrogen  source  [10].  It  is  expected  the  new 
source  will  increase  the  yield  of  long  wavelength 
neutrons  (A>0.4  nm)  by  a factor  of  four.  As 
of  December  31,  most  of  the  work  on  the  hydro- 
gen source  was  complete.  The  D2O  cryostat  was 
pulled  from  the  reactor  along  with  the  Bi  tip  on 
July  5.  After  installation  of  new  shutters  for  the 
beam  port,  the  cryostat  assembly  was  inserted 
October  26.  The  condenser  was  moimted  on  the 
north  face  of  the  reactor  in  December,  and  both 
the  liquid  hydrogen  supply  line  to  the  moderator 
chamber,  and  the  hydrogen  recirculation  line  to 
the  ballast  tank,  are  complete. 

All  components  of  the  hydrogen  system  have 
been  carefully  constructed,  subject  to  rigorous 
quality  control.  Prototypes  of  the  moderator 
chamber  and  the  heliiun  containment  vessel  have 
been  hydraulically  tested  to  failure  at  450  psig 
and  1300  psig,  respectively,  far  beyond  any  cred- 
ible pressure  expected  in  these  components  in 
the  event  of  an  accident.  All  welds  have  been 
either  radiographed  or  pneumatically  tested  ac- 
cording to  ASME  code.  Each  component  was 
also  helium  leak  tested,  and  no  leaks  have  been 
found  at  the  detection  limit  of  10“®  stp  cc/sec. 

Construction  and  testing  of  the  cold  somce 
will  be  complete  in  the  spring  of  1995.  Proce- 
dures for  startup  tests  are  being  prepared  for 
review  by  the  Safety  Evaluation  Committee. 
These  tests  will  determine  operating  limits  un- 
der abnormal  conditions,  such  as  loss  of  D2O 
cooling  or  refrigerator  outage,  and  further  tests 
will  establish  optimum  performance  conditions 
for  routine  operation.  The  refrigerator  will  be 
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Figure  6.  Relative  cold  neutron  currents  from  the 
liquid  hydrogen  source  vs.  the  D2O  source.  For  neu- 
trons with  energies  less  than  5 meV,  the  calculated 
gain  is  4.3. 

programmed  to  maintain  a nearly  constant  hy- 
drogen pressure  in  the  event  of  a reactor  scram, 
thus  keeping  constant  the  inventory  of  liquid  hy- 
drogen in  the  moderator  chamber. 

In  addition  to  the  installation  of  the  cold 
somce,  there  has  been  a continuous  effort  to 
benchmark  the  computational  model  of  the 
NBSR  core.  The  model,  using  the  Monte  Carlo 
code,  MCNP,  has  been  used  extensively  for  re- 
actor calculations  as  well  as  cold  source  per- 
formance calculations.  A comparison  between 
early  measurements  of  the  cold  neutron  fiux 
from  the  D2O  source,  and  the  MCNP  results,  led 
us  to  conclude  that  the  scattering  kernel  initially 
used  for  D2O  ice  was  imder-predicting  the  pro- 
duction of  cold  neutrons.  A new  kernel  was  gen- 
erated, which  has  much  better  agreement  with 
the  measurements.  Recent  gain  calculations  us- 
ing the  new  kernel,  shown  in  figure  6,  predict  a 
gain  in  cold  neutron  production  of  at  least  a fac- 
tor of  four,  integrated  over  wavelengths  greater 
than  0.4  nm.  Coupled  with  the  gains  associated 
with  the  return  to  20  MW  (factor  of  1.3),  and 
other  factors,  the  fiux  of  cold  neutrons  is  ex- 
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pected  to  be  six  times  higher  than  it  was  before 
the  shutdown. 
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Guest  Researchers  and  Collaborations 


Scientists  from  other  institutions  and  other 
divisions  of  NIST  play  a most  important  part 
in  the  research  activity  at  the  NBSR.  They  in- 
sure that  the  industrial  and  academic  research 
communities  obtain  a maximal  benefit  from  the 
operation  of  the  NBSR  and  its  instrumentation. 
The  participation  of  guest  researchers  is  most 
evident  in  the  Cold  Neutron  Research  Facility 
(CNRF),  which  is  a national  facility  dedicated 
to  providing  all  U.S.  researchers  with  access  to 
the  most  modem  cold  neutron  beam  instrumen- 
tation. However,  guest  researchers  also  play  an 
indispensable  role  in  the  research  carried  out  on 
the  thermal  beam  instruments  in  the  NBSR  re- 
actor hall,  and  in  a variety  of  programs,  such  as 
activation  analysis  and  radiation  standards  re- 
search, which  do  not  involve  neutron  scattering 
instrumentation. 

The  number  of  research  participants  is  plot- 
ted against  time  in  figme  1.  It  is  evident  that 
external  user  participation  has  shown  strong  and 
steady  growth  for  a number  of  years.  RRD  staff 
are  a fairly  small,  although  essential,  component 
of  the  total  number  of  scientists  and  engineers 
who  have  contributed  to  research  and  developn 
ment  activities  at  the  NBSR.  External  partici- 
pants are  often  involved  in  more  than  one  exper- 
iment in  any  one  year,  but  are  coimted  only  once 
per  year  in  the  data  of  figure  1.  The  rightmost 
colunm  of  the  figme  represents  participants  from 
52  U.S.  industrial  laboratories,  90  universities, 
40  other  government  institutions,  and  114  for- 
eign institutions. 

Guest  researchers  obtain  access  to  NBSR 
instrumentation  in  several  different  ways.  For 
the  cold  neutron  beam  instruments,  the  most 
straightforward  procedure  is  through  the  formal 
proposal  system  of  the  CNRF.  In  the  case  of 
the  thermal  neutron  beam  instruments,  which 
are  not  offered  through  the  proposal  system,  the 
usual  mode  of  access  is  through  direct  coUaborar 
tion  with  NIST  scientists  on  specific  experiments 
or  limited  research  projects.  Another  very  im- 


Figure  1.  Research  participants  at  the  NBSR. 


portant  mode  of  access  involves  more  formal  col- 
laborations, usually  of  longer  duration  and  with 
larger  groups  rather  than  with  individual  scien- 
tists. 

During  the  period  October  1993  through 
September  1994  (FY94),  the  NBSR  operated  for 
approximately  eight  months  on  its  regular  sched- 
ule. On  May  26, 1994,  the  reactor  was  shut  down 
and  entered  its  current  extended  period  of  work 
on  major  improvements  to  its  operating  capa- 
bihties.  Prior  to  this  date,  there  were  183  days 
of  operation  at  power  during  FY94.  Since  the 
shutdown  will  extend  well  into  FY95,  it  is  to  be 
expected  that  guest  researcher  participation  will 
be  somewhat  reduced  for  these  two  reporting  pe- 
riods. However,  when  the  reactor  resumes  full 
operation  in  March  or  April  of  1995,  we  antici- 
pate that  more  guest  researchers  than  ever  will 
come  to  take  advantage  of  the  improved  research 
capabihties  that  will  then  become  available. 

The  CNRF  proposal  system  has  now  been 
operating  for  more  than  two  years.  Four  calls  for 
proposals  have  been  issued,  the  last  in  May  1994, 
with  a deadline  of  July  23,  1993,  during  the  past 
fiscal  year.  The  experiments  approved  from  the 
last  proposal  round  were  mainly  carried  out  in 
FY94,  in  the  period  from  August  1993  to  the 
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start  of  the  extended  shutdown.  The  number  of 
proposals  received  in  response  to  the  foiur  succes- 
sive calls  has  steadily  increased,  from  37  in  the 
first  round  to  76  in  the  fourth.  The  number  of 
instrument-days  allocated  increased  from  60  to 
218,  refiecting  both  the  larger  number  of  propos- 
als and  the  coming  on  line  of  more  instruments. 
These  data  exclude  the  experiments  for  the  an- 
alytical chemistry  and  fundamental  physics  sta^ 
tions,  which  are  considered  separately.  The  frac- 
tion of  the  total  be£im  time  reserved  for  general 
users  is  75%  on  the  CHRNS  30-m  SANS,  and 
67%  for  the  other  scattering  instruments,  ex- 
cept for  participating  research  team  (PKT)  in- 
struments (see  below),  on  which  25%  of  the  time 
is  set  aside  for  general  users. 

When  the  reactor  is  operating  under  nor- 
mal scheduling  conditions,  calls  for  proposals 
are  issued  twice  yearly  to  a mailing  list  of  more 
than  1700  scientists.  Soon  after  the  proposal 
deadline,  the  proposals  received  in  response  to 
a call  are  mailed  out  for  external  peer  review. 
The  final  decisions  for  beam  time  allocations 
are  made  by  a Program  Advisory  Committee 
(PAC),  which  compares  the  proposals  received 
on  the  basis  of  the  written  reviews.  The  PAC 
members,  who  are  appointed  by  NIST  manage- 
ment, represent  a wide  range  of  expertise  in  neu- 
tron beam  research,  and  advise  NIST  on  all  rel- 
evant aspects  of  CNRF  operation. 

The  part  of  the  CNRF  which  accommo- 
dates the  most  users  is  the  Center  for  High 
resolution  Neutron  Scattering  (CHRNS),  which 
is  funded  by  the  National  Science  Foundation. 
The  primary  CHRNS  instrument  is  one  of  the 
30-m  SANS  diflEractometers,  but  50%  of  the 
cold-neutron  triple-axis  spectrometer  is  also  sup- 
ported in  the  CHRNS  operation.  The  latter  is 
being  developed  into  a novel  spin-polarized  in- 
strument which  will  simultaneously  allow  polar- 
ization analysis  and  high  signal  intensity.  Be- 
fore the  current  shutdown,  the  CHRNS  was  al- 
ready approaching  its  full  capacity  to  serve  users 
in  terms  of  the  number  of  avEiilable  instrument- 
days,  but  the  major  upgrades  currently  in 
progress  wiU  mean  a qualitative  improvement  in 


performance  when  the  NBSR  resumes  operation 
in  the  spring  of  1995. 

Two  of  the  CNRF  instruments-the  cold  neu- 
tron refiectometer  and  one  of  the  30-m  SANS 
diflffactometers-were  built  by  participating  re- 
seeirch  teeuns  (PRTs),  consortia  of  several  in- 
stitutions which  shared  the  cost  of  instrument 
development  and  construction.  On  these  instru- 
ments, 75%  of  the  beam  time  is  reserved  for  PRT 
members,  and  25%  for  general  users  through  the 
CNRF  proposal  system.  The  PRT  research  pro- 
grams are  discussed  in  other  sections  of  this  an- 
nual report. 

Several  of  the  newest  instruments  are  worthy 
of  discussion  with  regard  to  their  recent  effect  on 
guest  researcher  participation  at  the  NBSR.  The 
high-resolution  powder  diffractometer  at  BT-1 
in  the  reactor  hall  has  performed  extremely  well 
in  its  first  year  of  operation,  from  the  start  of 
routine  operation  in  Jime  1993  to  the  beginning 
of  the  long  shutdown  in  May  1994.  More  than 
700  data  sets  were  collected  in  that  period,  with 
the  great  majority  of  experiments  involving  col- 
laborations with  guest  researchers.  The  latter 
came  from  over  50  institutions.  Although  the 
powder  diffractometer  is  not  part  of  the  formal 
proposal  system,  scientists  from  other  institu- 
tions may  communicate  directly  with  NIST  per- 
sonnel to  arrange  their  experiments,  zind  many 
take  the  opportunity  to  do  so.  More  formal  col- 
laborative programs  have  been  established  with 
groups  at  MIT  and  the  University  of  California, 
Santa  Barbara.  There  is  a possibility  that  some 
fraction  of  the  instrument  time  on  BT-1  may  be 
offered  through  the  formal  proposal  system  in 
the  near  future. 

The  cold  neutron  refiectometer  on  neutron 
guide  NG-7  is  another  new  instrument  that  has 
been  in  great  demand  from  users  since  it  be- 
gan operation  in  1993.  Although  it  is  a PRT 
instrument,  with  only  25%  of  the  time  avail- 
able through  the  CNRF  proposal  system,  exper- 
iments on  the  refiectometer  usually  involve  not 
only  the  PRT  members  (NIST,  IBM,  Univ.  of 
Minnesota),  but  also  scientists  from  other  insti- 
tutions. The  success  of  this  instrument,  and  the 
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rapid  rise  of  the  technique  of  neutron  reflectom- 
etry  in  general,  have  prompted  NIST  manage- 
ment to  plan  for  the  relocation  of  the  polarized 
beam  reflectometer  from  its  present  position  on 
BT-7  in  the  reactor  hall  to  neutron  guide  NG-7 
in  the  guide  hall,  where  its  effectiveness  will  be 
enhanced  severalfold  because  of  greater  useful 
intensity  due  to  the  new  cold  source. 

The  Fermi-chopper  spectrometer  (FCS)  is 
another  instrument  that  has  recently  received 
much  increased  user  demand.  It  is  currently 
the  only  cold-neutron  time-of-flight  spectrome- 
ter at  a U.S.  research  reactor.  It  has  attracted 
users  from  universities,  government  laboratories 
and  industry,  representing  a diverse  range  of  ap- 
plications, from  polymers  and  liquid  crystals  to 
glasses  and  superconductors.  The  demand  for 
the  FCS  is  indicative  of  the  need  for  more  cold 
neutron  spectrometers  in  the  United  States.  The 
three  major  spectrometers  which  are  currently 
under  construction  in  the  CNRF  guide  hall  will 
greatly  enhance  U.S.  capabilities  in  cold  neutron 
spectroscopy,  bringing  them  up  to  a world-class 
standard.  They  will  permit  experiments  with 
much  higher  energy  resolution  and  sensitivity. 
The  Disk  Chopper  Spectrometer  (DCS)  wiU  per- 
mit resolution  down  to  6 //eV,  compared  with  60 
/xeV  for  the  FCS.  The  DCS  will  be  very  versa- 
tile, allowing  wavelength  and  resolution  to  be 
changed  across  a wide  range  simply  by  chang- 
ing the  phases  of  its  seven  choppers.  The  DCS 
will  be  completed  in  calendar  year  1996.  The 
backscattering  spectrometer,  also  to  be  com- 
pleted in  1996,  will  have  an  energy  resolution 
of  0.75  /ieV,  and  a dynamic  range  of  ±50  ^eV. 
The  phase  space  transformer  device  which  it  will 
employ  to  increase  the  monochromatic  beam  in- 
tensity will  make  this  instrument  competitive 
with  the  world’s  best.  FinaUy,  the  spin-echo 
spectrometer  will  allow  effective  energy  resolu- 
tion in  the  neV  range.  Some  major  components 
(coils  for  incident  and  scattered  beam  paths) 
have  been  constructed,  but  much  design  and  de- 
velopment is  needed  before  operation  can  begin, 
possibly  in  1996  or  1997.  The  addition  of  these 
three  spectrometers  to  the  CNRF  will  enable 


guest  researchers  to  pursue  many  new  opportu- 
nities in  polymer  science  and  in  biological  ap- 
plications, as  well  as  in  the  traditional  areas  of 
physics,  chemistry,  and  materials  science. 

Yet  another  class  of  users  will  be  attracted 
by  the  new  residual  stress,  texture,  and  single 
crystal  diffractometer  being  constructed  at  BT- 
8 in  the  reactor  hall.  It  should  be  operational  in 
mid-1995.  Residual  stress  and  texture  are  of  pri- 
mary interest  to  engineering  and  materials  sci- 
ence applications  in  industrial  and  government 
laboratories,  as  detailed  in  another  section  of 
this  annual  report.  It  is  expected  that  the  new 
instrument  will  have  a throughput  for  residual 
stress  problems  at  least  five  time  greater  than 
the  existing  setup  at  BT-6,  making  feasible  mea- 
surements that  have  been  previously  considered 
too  time-consiuning  to  undertake. 

A project  to  modernize  all  of  the  thermal 
neutron  instruments  in  the  reactor  hall  has  been 
initiated,  which  will,  over  the  next  few  years, 
greatly  improve  the  safety  and  ease  of  opera- 
tion. In  most  cases,  the  data-taking  capabilities 
of  the  instruments  will  also  be  enhanced.  The 
filter-analyzer  option  on  one  of  the  instruments 
wiU  be  replaced  by  a dedicated  filter-analyzer 
instrument,  with  a factor  of  forty  greater  ac- 
ceptance in  the  solid  angle  subtended  by  the 
analyzers.  Horizontally-focussing  monochroma- 
tors and  analyzers  will  be  available,  permitting 
a substantial  gain  in  intensity  for  many  triple- 
axis experiments.  New  monochromator  dnuns 
will  give  a lower  b£u:kground,  improved  safety, 
and  greater  ease  of  operation.  All  of  these  im- 
provements will  aid  guest  researchers  to  carry 
out  their  experiments. 

Access  to  the  analytical  chemistry  stations, 
i.e.  cold  neutron  depth  profiling  (CNDP)  and 
prompt-gamma  activation  analysis  (PGAA),  is 
handled  somewhat  differently  from  the  CNRF 
neutron  scattering  instruments,  because  the  du- 
ration of  experiments  can  vary  from  a few  hours 
to  several  weeks,  depending  on  the  nature  of  the 
proposed  project.  Proposals  czin  be  submitted 
on  the  standard  CNRF  proposal  form,  but  use  of 
the  forms  is  not  required,  and  less  formal  propos- 
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als  submitted  directly  to  the  instrument  scien- 
tists (contacts)  are  considered  immediately  and 
are  not  sent  out  for  external  peer  review.  For 
both  the  CNDP  and  PGAA  stations,  up  to  67% 
of  the  time  is  available  to  guest  researchers  on 
this  basis. 

The  fundamental  neutron  physics  stations  in 
the  guide  hall  operate  under  yet  another  process 
of  review.  The  experiments  at  these  two  star 
tions,  a dedicated  cold  neutron  beam  at  the  end 
of  the  NG-6  guide,  and  the  neutron  interferome- 
try station  on  NG-7,  are  typically  of  much  longer 
duration  than  for  other  CNRF  instruments,  and 
involve  highly  specialized  equipment.  The  pur- 
pose of  these  stations  is  to  measme  fundamental 
properties  of  the  neutron  and  neutron  interac- 
tions, and  to  explore  basic  propositions  of  quan- 
tum mechanics.  External  participation  in  such 
experiments  requires  long-term  and  costly  com- 
mitments and  a more  thorough  and  inevitably 
slower  review  than  offered  by  the  formal  user 
proposal  system  becomes  necessary.  An  advi- 
sory committee  separate  from  the  PAG  has  been 
established  to  review  the  use  of  the  fundamen- 
tal physics  stations,  in  order  to  ensure  that  they 
properly  serve  the  needs  of  their  research  com- 
munity. 

The  division  makes  a special  effort  to  accom- 
modate experimenters  who  can  make  a case  for 
inunediate  access  based  on  clear  scientific  ur- 
gency. If  the  planned  experiment  is  to  be  carried 
out  on  a CNRF  instrument,  a short  proposal  can 
be  submitted  which  is  quickly  reviewed  and  as- 
signed beam  time  if  approved  by  the  PAG.  Alter- 
natively, NIST  staff  members  can  be  contacted 
to  arrange  collaboration  for  use  of  a non-CNRF 
instrument,  or  for  employing  NIST  beam  time 
on  a CNRF  instrument. 

Several  non-NIST  programs  are  also  served 
by  the  NBSR  through  the  provision  of  services 
such  as  irradiation,  radiography,  and  materials 
characterization.  Examples  include  a program 
with  the  Smithsonian  Institution  for  autoradio- 
graply  of  paintings,  a program  with  the  FDA 
for  characterization  of  food  and  drugs,  and  ac- 
tivation analysis  services  for  the  FBI.  Shorter- 


term  projects  receive  use  of  NBSR  facilities  on 
an  as-needed,  case-by-case  basis.  Depending  its 
nature,  a project  may  be  arranged  as  a collab- 
oration with  NIST  or  as  an  independent  study 
by  the  outside  agency.  In  some  cases,  non-NIST 
researchers  perform  proprietary  research  using 
NBSR  facilities.  In  such  cases,  the  researchers’ 
institutions  are  assessed  charges  on  a full-cost 
recovery  basis. 

Guest  researcher  activity  will  undoubtedly 
continue  to  increase  in  its  level  and  its  diversity 
for  a munber  of  years.  The  improvements  being 
made  during  the  current  shutdown  will  have  a 
major  effect  on  future  prospects.  The  operation 
of  the  NBSR  at  20  MW,  and  the  installation  of 
the  new  cold  source  and  the  last  three  neutron 
guides,  means  that  the  NBSR  wiU  come  back  on 
line  in  1995  with  markedly  enhanced  capabili- 
ties for  neutron  beam  experiments,  and  a greater 
number  and  variety  of  user  experiments  will  be- 
come practicable.  Encomaging  use  of  the  NBSR 
and  the  GNRF  by  the  broadest  possible  commu- 
nity, and  fostering  the  development  of  new  appli- 
cations for  neutron  beams,  will  remain  prim£iry 
missions  of  the  division. 

For  further  information  on  the  use  of  the  in- 
strumentation at  the  NBSR,  contact  Bill  Kami- 
takahara  at  (301)  975-6878,  or  any  RRD  staff 
member. 


Reactor  Operations  and  Engineering 


FVom  October  1993  through  May  1994  the  re- 
actor operated  virtually  continuously  with  per- 
haps the  most  extensive  utilization  in  the  history 
of  the  feicility.  At  the  end  of  May  1994,  the  re- 
actor was  shut  down  to  begin  major  upgrade  of 
reactor  systems  and  installation  of  the  new  liq- 
uid hydrogen  cold  source.  This  is  a wide  ranging 
and  ambitious  in-house  program  that  involves 
redesign  and  replacement  of  major  segments  of 
the  reactor  facility.  The  outage  is  expected  to 
last  to  the  spring  of  1995.  Projects  that  are  on- 
going or  completed  include: 

1.  Complete  dismantling  and  disposal  of  most 
of  the  primary,  secondary  and  auxiliary 
cooling  systems  including  removal  of  four 
heat  exchangers. 

2.  Disposal  of  large  quantities  of  radioactive 
waste  including  fuel  element  cuttings  and 
primary  DC-resins. 

3.  Installation  of  five  new  heat  exchangers. 

4.  Installation  of  new  secondary  cooling  water 
filteration  system. 

5.  Repiping  of  primary,  secondary  and  auxil- 
iary cooling  systems. 

6.  Redesign  and  installation  of  process  instru- 
mentation. 

7.  Redesign  of  primary  ion-exchange  systems. 

8.  Custom  shielding  for  all  ion-exchangers  and 
the  purification  heat  exchanger. 

9.  Replacement  of  the  control  rods. 

10.  Reactor  control  room  upgrade. 

11.  Major  items  of  maintenance  including 
among  others,  replacement  of  all  valve  di- 
aphragms, overhaul  of  the  emergency  diesel 
generators,  refurbishing  of  the  confinement 
building,  overhaul  of  the  cooling  tower  and 
maintenance  of  thermal  shield  cooling  coils. 


12.  On-line  examination  and  inspection  of  re- 
actor internals. 

During  maintenance  and  inspection  of  the 
top  refueling  plug,  it  was  discovered  that  the  bo- 
ral  plate  vmdemeath  had  deteriorated  and  was 
interfering  with  the  operation  of  the  transfer 
arms.  This  necessitated  removal  and  complete 
rebuilding  of  the  entire  top  plug  fuel  transfer 
system.  This  is  another  and  unexpected  major 
project  that  requires  significant  effort.  However, 
the  work  will  be  done  simultaneously  with  the 
other  projects  and  should  not  extend  the  shut- 
down. New  heavy  water  is  scheduled  to  arrive 
at  the  beginning  of  1995  and  will  be  put  in  the 
reactor  just  prior  to  startup  at  which  time  the 
old  tritiated  water  will  be  shipped  back  to  the 
Department  of  Energy. 

Overall,  outage  projects  have  moved  so  well 
and  so  expeditiously  as  to  surpass  expectations. 


Personnel  Roster 


The  Division  staff  is  organized  formally  into 
three  groups,  as  shown  in  Table  1;  however, 
staff  are  utilized  where  necessary,  irrespective 
of  group.  Below  the  group  level  of  organiza- 
tion, personnel  axe  grouped  into  research  teeims 
according  to  their  predominant  interest.  Once 
again,  these  groupings  are  not  hard  and  fast- 
there  are  many  overlapping  interests.  These 
teams,  including  long-term  guest  researchers, 
are  shown  in  Table  2.  A nmnber  of  “non- 
resident” Ph.D.  students  and  continuing  collab- 
orators from  miiversities  and  industry  are  not 
listed.  It  should  be  noted  that  members  of 
the  Cold  Neutron  Project  are  included  in  the 
teams  by  scientific  interest,  even  though  in  most 
cases,  their  predominant  responsibility  is  for 
CNRF  instrument  building  and/or  operation.  In 
fact,  they  have  only  30%  of  their  time  given 
to  the  conduct  of  research,  while  70%  is  dedi- 
cated to  the  facility.  Likewise,  many  members  of 


the  Neutron  Condensed  Matter  Science  Group 
have  sizable  CNRF  responsibilities,  which  may 
amoimt  for  as  much  as  1/2  time  when  needed. 
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Table  1.  NBSR  and  CNRF  Resident 
Staff 

ADMINISTRATIVE  - DIVISION  856 
J.  M.  Rowe,  Chief 
E.  C.  Maxwell,  Admin.  Off. 

S.  L.  Neal,  Admin.  Asst. 

J.  M.  Hill,  Secretary 
H.  J.  Prask,  Physicist 
D.  E.  Brady,  Elect.  Eng. 

J.  M.  Nicol,  Rjes.Chemist 

REACTOR  OPERATIONS  & 
ENGINEERING 
Raby,  T.  M.,  Chief 
Poole,  L.  M.,  Secretary 
Operations 

Torrence,  J.  F.,  Deputy 
Beasley,  R.D. 

Bickford,  N.  A. 

Cassells,  M.  G. 

Clark,  F.  C. 

Dilks,  H.  W. 

Flynn,  D.  J. 

Guarin,  E.  L. 

Lindstrom,  L.  T. 

McDonald,  M.  J. 

Mueller,  M.  W. 

Myers,  T.  J. 

Ring,  J.  H. 

Sprow,  R.  P. 

Stiber,  R.  F. 

Thomi>son,  R.  G. 

Toth,  A.  L. 

Wilkison,  D.  P. 

Wright,  K.  D. 

Engineering 

Nicklas,  J.  H.,  Chief 
Beatty,  J.  A. 

Hall,  K. 

Heine,  C.  J. 

Liposky,  P.  J. 

Shuman,  L. 

Suthar,  M.A. 


Research  Associates 
Anderson,  D.  A.  (FDA) 

Billos,  J. 

Cheng,  T. (Smithsonian) 

Cunningham,  R. 

Cunningham,  W.  C.  (FDA) 

Olin,  J. (Smithsonian) 

NEUTRON  CONDENSED  MATTER  SCI- 
ENCE 

Rush,  J.  J.,  Group  Ldr. 

Runkles,  C.,  Sec. 

Clutter,  L.  K.,  Sec. 

Baltic,  G.  M. 

Berk,  N.  F. 

Borchers,  J.  A. 

Bostian,  D. 

Casella,  R.  C. 

Clem,  D. 

Clow,  W. 

Copley,  J.R.D. 

Dura,  J.  A. 

Erwin,  R.  W. 

Fravel,  D.  H. 

Glinka,  C.  J. 

Green,  T.  A. 

Karen,  V.  L. 

Knill,  W.  C. 

Lynn,  J.  W. 

Majkrzak,  C.  F. 

Mighell,  A.  D. 

Neumann,  D.  A. 

Orts,  W.  J. 

Prince,  E. 

Reznik,  D. 

Rinehart,  M.  J. 

Rymes,  W.  H. 

Santodonato,  L. 

Santoro,  A. 

Satija,  S.  K. 

Stalick,  J.  K. 

Udovic,  T.  J. 

Wiesler,  D.  G. 

Williams,  R.  H. 
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Guest  Scientists 
Altorfer,  F.  B. 

Choi,  C.  S. 

Clinton,  T.  W. 

Fischer,  J.  E. 

Giebultowicz,  T. 

Grigereit,  T. 

Huang,  Q.  Z. 

Klosowski,  P. 

Morris,  R. 

Mrose,  M. 

Nunez,  V. 

Trevino,  S.  F. 

Watanabe,  T. 

Yildirim,  T. 

Zhang.  H. 

COLD  NEUTRON  PROJECT 
Rowe,  J.  M.,  Ldr. 

O’Connor,  C.  L.,  User  Coord. 
HiU,  J.  M.,  Sec. 

B£irdak,  K.,  Clk.  Typ. 

Barker,  J. 

Dickerson,  W.  E. 

Fulford,  D. 

Gallagher,  P.  D. 

Gehring,  P.  M. 

Gorman,  W. 

Greene,  G.  C. 

Hammouda,  B. 

Heald,  A.  E. 

Kamitakahara  W.  A. 

Klosowski,  P. 

Kop>etka,  P.  H. 

Krueger,  S. 

Kulp,  D. 

L€iRock,  J.  G. 

Layer,  H.  P. 

Pierce,  D.  J. 

Robeson,  L. 

Rosov,  N. 

Schroder,  I.  G. 

Thai,  T.  T. 

Tobin,  P.  L. 

Williams,  R E. 


Guest  Scientists 
Allen,  A. 

Brand,  P. 

Brocker,  C. 

Christman,  R 
Desrosier,  F.  L. 

Lin,  M.  Y. 

Moyer,  J.  J. 

Nunes,  A. 

Wrenn,  C. 

NEUTRON  INTERACTIONS 
Gilliam,  D.,  Ldr. 

Mattiello,  R,  Sec. 

Arif,  M. 

Boswell,  E. 

Dewey,  M.  S. 

Eisenhauer,  C.  M. 

Greene,  G.  L. 

Grundl,  J. 

McGarry,  E.  D. 

Nico,  J. 

Schwartz,  R B. 

Thomp>son,  A. 

HEALTH  PHYSICS  - DIVISION  354 
Slaback,  L.,  Ldr. 

Thomas,  C.  L.,  Sec. 

Brown,  D. 

Campbell,  C. 

Cassells,  L. 

Clark,  J. 

DeardorfF,  G. 

Fink,  L. 

Mengers,  T. 

Shubiak,  J. 

NUCLEAR  METHODS  GROUP  - 
SION  834 

Greenberg,  R.  R.,  Ldr. 

Wilson,  J.,  Sec. 

Becker,  D. 

Benenson,  R.  E. 

Bishop,  R.  L. 

Blackman,  M.  J. 

Chen,  H. 


DIVI- 
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Demiralp,  R. 
Downing,  R.  G. 
Fitzpatrick,  K. 
Garrity,  K.  M. 
Iyengar,  G.  V. 
Koster,  B. 
Lamaze,  G.  P. 
Langland,  J.  K. 
Lindstrom,  R.  M. 
Mackey,  E.  A. 
Mildner,  D.F.R. 
Norman,  B.  R. 
Paul,  R.  L. 
Sharov,  V.  A. 
Swider,  J. 

Welsh,  J.  F. 


Research  and  Engineering  Staff 


143 


Research  and  Engineering  Staff 

J.  G.  Barker  SANS  instrumentation  and  research 


Microstructure  of  materials 

N.  F.  Berk 

Condensed  matter  theory 

Scattering  theory  for  microstructure  analysis 

Computer  software  for  graphics  and  data  analysis 

N.  A.  Bickford 

Reactor  operations 

Reactor  irradiations 

Reactor  utilization 

J.  A.  Borchers 

Thin-film  analysis 

Artificially  modulated  materials 

Magnetism 

D.  E.  Brady 

Electrical/electronic  engineering 

Nuclear  reactor  instrumentation 

R.  C.  Casella 

Condensed  matter  theory,  including  high  Tc 

Group  theory  analyses  of  neutron  scattering  from  condensed  matter 
Fundamental  physics,  especially  as  related  to  reactor  experiments 

J.  R.  D.  Copley 

Time-of-fiight  spectrometer  development 

Neutron  instrumentation  conceptual  design 

Condensed  matter  physics 

W.  E.  Dickerson 

Neutron  scattering  instrumentation 

Microcomputer  interfacing 

Nuclear  and  engineering  physics 

J.  A.  Dura 

Combined  molecular  beam  epitaxy  and  neutron  refiectivity/ 
diffraction  instrumentation 

Surface,  interfacial,  and  epitaxial  physics 

Metastable  phases  in  artificial  materials 

R.  W.  Erwin 

Magnetic  materials 

Phase  transformations 

Cryogenics 

D.  B.  Fulford 

SANS  equipment  development  and  maintenance 

Mechanical  engineering 

P.  D.  Gallagher 

Neutron  refiectometry  instrumentation 

Interfacial  phenomena  in  polymer  systems  and  complex  fiuids 

Phase  treinsitions  and  critical  phenomena 

144 


P.  M.  Gehring 

Neutron  backscattering  instrumentation 

Magnetic  and  structiural  pheise  transitions  in  disordered  systems 
Dynamics  of  high  Tc  materials 

C.  J.  GUnka 

SANS  microstructure  of  metals  and  porous  media 

Magnetic  materials 

Cold  neutron  instrument  development 

G.  C.  Greene 

System  and  user  software  for  cold  neutron  instrumentation 
Spectrometer  £ind  data  acquisition  systems  interfaces 

B.  Hammouda 

SANS  from  polymers,  liquid  crystals,  and  colloids 

Dynamics  of  polymers  in  solution 

Scattering  from  sheared  fluids 

A.  E.  Heald 

Design  engineering 

Neutron  instrumentation 

Shielding 

W.  A.  Kamitakahara 

The  CNRF  guest  researcher  progreim 

Dynamics  of  disordered  solids 

Condensed  matter  physics 

V.  L.  Karen 

Crystallographic  database  development 

Theory  of  lattices  and  symmetry 

Neutron  and  x-ray  difiraction 

P.  Klosowski 

Scientific  data  visualization 

Numerical  computer  modeling 

Data  acquisition  software  and  hardware 

P.  A.  Kopetka 

Mechanical  engineering 

Cold  soiuce  design 

Electro-mechanical  systems 

S.  Krueger 

SANS  instrumentation 

Microstructure  of  materials 

Biological  problems 

J.  G.  LaRock 

Mechanical  engineering 

Neutron  instrumentation  design 

H.  P.  Layer 

Electronics  and  data  processing 

Advanced  instrumentation 

Fundamental  physics 

P.  J.  Liposky 

Design  engineering 

Nuclear  systems  and  components 

Research  and  Engineering  Staff 
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J.  W.  Lynn 

Condensed  matter  physics 

Magnetic  and  superconducting  materials 

Neutron  scattering  methods 

C.  F.  Majkrzak 

Condensed  matter  physics 

Polarized  neutron  scattering  and  instnunentation  development 
Neutron  reflectivity  measurements 

A.  D.  MigheU 

Crystallographic  database  development 

Single  crystal  and  powder  diffraction 

Theory  of  lattices 

D.  A.  Neumann 

Molecular  and  layered  materials 

Condensed  matter  physics 

Neutron  and  x-ray  scattering  instrumentation 

J.  M.  Nicol 

Properties  of  catalysts  and  adsorbates 

Molecular  materials 

Division  safety 

J.  H.  Nicklas 

Mechanical  engineering 

Reactor  fuel  design 

Reactor  engineering  support 

W.  J.  Orts 

SANS  instrumentation 

Neutron  scattering  and  reflectivity  from  polymers 

Polarized  neutron  small  angel  scattering 

D.  J.  Pierce 

Mechanical  engineering 

Neutron  instrumentation  design 

H.  J.  Prask 

Residual  stress  measurement  methodology 

Neutron  NDE  applications 

Neutron  NDE  instrumentation 

E.  Prince 

Structural  properties  of  alloys,  catalysts,  and  minerals 
Advanced  crystallographic  reflnement  methods 

Software  for  materials  structure  analyses 

T.  M.  Raby 

Reactor  operations 

Nuclear  engineering 

Reactor  standards 

G.  ReiUy 

Design  engineering 

Nuclear  systems  and  components 

D.  Reznik 

Condensed  matter  physics 

Dynamics  of  High  Tc  materials 

Dynamics  of  fullerenes 
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N.  Rosov 

Spin  echo  techniques 

Phase  transformations 

Magnetic  materials 

J.  M.  Rowe 

Orientationally  disordered  solids 

Hydrogen  in  metals 

Cold  neutron  research  and  instrumentation 

J.  J.  Rush 

Catalysts  and  molecular  materials 

Hydrogen  in  metals 

Inelastic  scattering  methods 

L.  Santodonato 

Condensed  matter  physics 

Cryogenics 

A.  Santoro 

Structure  of  electronic  and  structured  ceramics 
Theory  of  crystal  lattices 

Powder  diffraction  methods 

S.  K.  Satija 

Low-dimensional  molecular  systems 

Fractal  aspects  of  microporous  media 

Neutron  reflectometry 

I.  G.  Schroder 

Cold  neutron  instrumentation  development 
Nuclear  and  engineering  physics 

Optical  devices  for  neutron  transport 

J.  K.  Stalick 

Neutron  and  x-ray  diffraction 

Inorganic  chemistry 

Crystal  database  development 

M.  A.  Suthar 

Design  engineering 

Nuclear  systems  and  components 

J.  F.  Torrence 

Reactor  supervision 

Reactor  msiintenance 

Nuclear  engineering 

T.  J.  Udovic 

Neutron  time-of-flight  instnmientation 
Properties  of  catalysts  and  adsorbates 
Hydrogen  in  metals 

D.  G.  Wiesler 

Neutron  and  x-ray  reflectometry 

Condensed  matter  physics 

Electrochemistry 

R.  E.  Williams 

Cold  neutron  source  development 

Nuclear  engineering 

Technical  Staff 


Technical  Staff 

Reactor  Operations 
Richard  D.  Beasley 
Mark  G.  Cassells 
Forrest  C.  Clark 
Howard  W.  Dilks 
Daniel  J.  Flynn 
Enrique  L.  Guarin 
Larry  T.  Lindstrom 
Michael  J.  McDonald 


William  W.  Mueller 
Thomas  J.  Myers 
John  H.  Ring 
Ricky  P.  Sprow 
Robert  F.  Stiber 
Attila  L.  Toth 
Daniel  P.  Wilkison 
Kevin  D.  Wright 


Reactor  Engineering 
James  A.  Beatty 
Keith  Hall 
Lynn  A.  Shuman 


Neutron  Condensed  Matter  Research 
George  M.  Baltic 
C.  Douglas  Bostian 
David  Clem 
William  R.  Clow,  Jr. 

Francis  L.  Desrosier 
Donald  H.  Fravel 
William  T.  Gorman 
Thomas  A.  Green 


Wayne  C.  Knill 

Doris  Kulp 

Michael  J.  Rinehart 

Lewis  P.  Robeson 

William  H.  Rymes 

Thuein  T.  Thai 

Patrick  J.  Tobin 

Robert  H.  Williams  (Leader) 
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